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Introduction and Objectives 
In recent years, there has been an increasing demand for fresh-cut vegetables (Olmez & Kretzschmar, 
2009; Ragaert et al., 2004). Concomitant, fresh-cut or ready-to-eat produce including raw produce are 
becoming more popular (Jacxsens et al., 2010b; Ragaert et al., 2007; Soriano et al., 2000). Since 1994 the 
global production of vegetables increased 62 % from 566 247 tons to 908 838 tons in 2008 (FAOSTAT, 
2009). This increase is due to the nutritional value and the assumed beneficial health effects. Well-
known diseases like cancers and heart diseases can be avoided through regular consumption of fruit and 
leafy vegetables such as lettuce, spinach and cabbage or in one word fresh produce (Gupta et al., 2010; 
Higdon et al., 2007; Hung et al., 2004; Link & Potter, 2004; Ragaert et al., 2004; Soriano et al., 2000; 
Tournas, 2005). Several reports showed that enteric diseases linked to consumption of fresh produce 
have dramatically increased in the last decades (Beuchat, 2002; Harris et al., 2003; Long et al., 2002; 
Mukherjee et al., 2007; Sivapalasingam et al., 2004; Tauxe et al., 1997) with a shift from traditional 
problems with food from animals to fresh foods (Jacxsens et al., 2010b; Rodriguez et al., 2011). For this 
reason, fresh produce is recognized as a potential vehicle for transmission of pathogenic micro-
organisms known to cause human disease (Jacxsens et al., 2010b). Outbreaks associated with fresh 
produce result in economic losses to farmers, distributors and the food industry (Golberg et al., 2011).  
Vegetables can become contaminated at any point in the production chain by physical, chemical and 
biological hazards (Beuchat & Ryu, 1997; Franz & van Bruggen, 2008; UN, 2007). The focus in the thesis is 
on the microbial hazards. Microbial contamination occurs during growth, harvesting, processing, 
distribution, and preparation (Beuchat, 1996; Beuchat, 2006; Steele & Odumeru, 2004). 
The risk is highest if crops are unlikely to be cooked before they are eaten; these are commonly referred 
to as ready-to-eat crops (e.g. salads, fruit and some vegetables) (Nicholson et al., 2005). Primary 
production is probably the main concern in terms of introduction of hazards as pre-harvest 
contamination of vegetables can occur directly or indirectly via (wild) animals, insects, water, soil, dirty 
equipment, and human handling. Fresh produce is susceptible to microbial attack, this problem can be 
further exacerbated by fresh-cut processing (Lehto et al., 2001). Fresh-cut, packaged vegetables or 
ready-to-eat vegetables require minimal processing prior to consumption (Baur et al., 2005). The 
operations usually applied in commercial fresh-cut vegetables include storage of the leafy greens, 
trimming, cutting/slicing/shredding, washing, draining, rinsing, centrifugation and packaging (Allende et 
al., 2004; Baur et al., 2005; Delaquis et al., 2004).  
To improve the safety of produce, the Codex Alimentarius offers Good Manufacturing Practices which 
can control microbial, chemical and physical hazards associated with all stages of the production of fresh 
fruits and vegetables from primary production to packaging. Based on the Codex Alimentarius several 
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quality assurance standards or guidelines were developed such as GlobalGap or IKKB, etc. for primary 
production and BRC, IFS, etc. for processing. These guidelines or standards are designed to reassure 
consumers or retailers about how safe food is produced and processed on the farm/company. Although 
the guidelines or standards provides general knowledge about potential pathways by which produce can 
become contaminated, systematic studies are lacking in Belgium to identify the current microbial 
situation and the critical points through the production to consumption process.  
The first objective of the PhD study was to give a detailed overview of the problems associated with the 
production, processing and consumption of the commodity of concern, the leafy vegetables. The 
different routes of contamination, the increased globalization and the survival of pathogens were 
discussed.  
Further objectives of the PhD were to address the data needs, find the bottlenecks, identify and further 
understand routes for potential microbial contamination of produce throughout production and 
processing in Belgium (Figure 0.1). Therefor chapter 2, 3 and 4 dealt with the data need in the primary 
production. In Chapter 2 and 3, eight lettuce farms (four open field farms and four greenhouses) were 
visited and information was gathered to determine risk factors for lettuce contamination with 
pathogenic bacteria. Relationships between the type and the levels of indicator bacteria, the detection 
of enteric zoonotic pathogenic bacteria and the effect of temperature, precipitation and seasonality on 
the bacterial contamination during lettuce primary production were established. Insight was achieved in 
the implementation of good agricultural practices in the primary production process by the combination 
of an interview, checklist and exploitation of microbial data of lettuce crops and environmental sampling 
(water, soil) for both greenhouses and open field farms. In chapter 4, E. coli was isolated from the 
different samples and exposed to 14 different antibiotics to check if a vegetable producing environment 
could act as a carrier for antimicrobial resistance. 
The purpose of chapter 5 was to gain insight into the impact of the water quality on the microbial 
quality, hygiene and safety level of fresh-cut lettuce products for the Belgian market representative 
processing companies. This may allow to identify bottlenecks in water management and the 
management of food safety in general. The goal of the last chapter was to simulate the vulnerable 
industrial wash process and produce useful quantitative data on transfers from water to lettuce, and to 
obtain insights on the impact of water management practices in fresh-cut processing on bacterial and 
viral pathogens’ distribution in the fresh produce supply chain. 
Chapter 7 discusses the results obtained in the framework of the research objectives. Conclusions are 
drawn and perspectives for the future are proposed. 
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Figure 0.1: Outline of the dissertation
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Summary 
The first section of the PhD focuses on the beneficial health effects of the consumption of vegetables. It 
encloses an in-depth analysis of production data of fresh produce around the world, in EU and in Belgium 
to emphasize the globalization. In the last 20 years, there is a global increase in production of vegetables 
which has been associated with an increase of import and export in the world.  
Globalization of the food market and several other drivers, contribute also to the increase in outbreaks 
related to the consumption of vegetables, especially leafy greens. The microbial contamination of leafy 
greens is related to different risk factors from primary production up to the fresh-cut processing. 
Possible risk factors in primary production such as fertilization, animal intrusion, selection of the land, 
and hygiene are discussed with irrigation water and the irrigation method considered as most important. 
For the further processing chain, the storage, washing process and hygiene are outlined as being the 
most important towards contamination or microbial growth. In a final part of the literature review a 
concise overview is given on survival studies focusing on the most important factors affecting the 
survival of indicator bacteria and pathogens on lettuce and soil. 
 
The second chapter of the PhD investigated the possible relationship between indicator bacteria, 
pathogens, temperature, precipitation and pH for the primary production. In the period April 2011 – 
December 2012, a total of 740 samples were collected at eight lettuce farms in West Flanders, Belgium 
(four greenhouse farms and four open field farms): 57 peat-soil samples, 23 seedling samples, 276 field-
soil samples, 264 lettuce samples and 120 water samples. No Salmonella spp. or PCR EHEC signals were 
detected from lettuce. One out of 92 field soil samples contained Salmonella spp. and five soil samples 
provided PCR positives for EHEC virulence factors (vt1 or vt2 and eae gene). A low prevalence of 
Campylobacter spp. (8/88) was noted in lettuce. The irrigation water samples showed on a regular basis 
E. coli presence (59.2% of samples > 1 CFU/100 ml) and occasionally detection of pathogens (25%, n = 
30/120), in particular Campylobacter spp. In general, none or very low correlations were observed 
between the microbiological parameters of the soil and lettuce and between temperature and 
precipitation. There were stronger relationships observed in case of the water samples. In particular 
between E. coli, coliforms and enterococci which implicated redundancy in analysis of these microbial 
parameters 
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It was also noted that all four indicators (E. coli, coliforms, enterococci and TPAC) were present in 
significantly higher levels when also pathogens were detected in the water samples. For the soil or 
lettuce samples, E. coli and pathogens tend to be more present after heavy rainfall or during the months 
with higher temperature (May – November). Although temperature, precipitation, and E. coli 
concentration cannot predict the presence of pathogens, their monitoring does provide some guidance 
regarding best sampling time for increased vigilance in pathogen testing of the produce or the water.  
Chapter 3 reports on the status of implementation of good agricultural production practices, 
management and operation of lettuce production in the sampled farms by a combination of an 
interview, checklist and exploitation of microbial data of lettuce crops and environmental sampling 
(water, soil). It was noted that the majority of the farms are small scale farms which are certified to a 
national standard, a prerequisite to deliver lettuce crops via the auctions (farm cooperative) to the fresh 
produce market or fresh-cut processing industry. The focus of the present national guideline is in 
particular on pesticides use with full registration and documentation in place and generic on the 
appropriate use of fertilizers and water, personnel hygiene and cleaning and maintenance of equipment. 
Limited knowledge of human enteric pathogens as a food safety issue in leafy greens was observed for 
all farms. Farms comply with generic guidelines on good agricultural practices at national level but lack 
data or documentation on farm level on water use and microbial water quality. This was to some extent 
also reflected in the microbial results of irrigation water analysis. Overall, the open field production was 
shown to be more prone to faecal contamination as the E. coli load of lettuce and irrigation water was 
significantly higher in open field versus greenhouse production. Additionally, Campylobacter spp. and 
Salmonella spp. isolates were also more often isolated from irrigation water in open field (21/45, 46.7%) 
versus greenhouse production (9/75, 12.0%). Only Campylobacter spp. was detected as a pathogen on 
the lettuce. It was also isolated from the irrigation water which suggested the water as the possible 
source for microbial contamination of the lettuce and the need to improve control of water supply. The 
irrigation water was identified as the most important risk factor for introduction of enteric bacteria, 
including enteric bacterial pathogens. 
 
Chapter 4 explored if vegetables may act as a carrier or reservoir for antibiotic resistance. In total 473 E. 
coli isolates were obtained from the 740 samples, with 66 isolates being from the peat-soil of the 
seedling, 171 isolates from the field soil, 72 from the lettuce, 161 from the water and only 3 isolates 
were from the seedling. The isolates were tested against 14 different antibiotics. There were no isolates 
with reduced susceptibility to the aminoglycosides: amikacin, kanamycin, gentamycin and to the 
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quinolone ciprofloxacin. Resistance for ampicillin was more common 7% (in all groups). The prevalence 
of resistance for amoxicillin/clavulanic acid, cephalothin, tetracycline and trimethoprim was between 4 
and 4.5 %, followed by the prevalence of resistance to streptomycin (3.6 %), sulfonamides (3.0 %) and 
chloramphenicol (1.9 %). Of the 54 resistant isolates, 37 multi-resistant isolates were found. Resistance 
for ampicillin was present in approximately 75 % of the multi-resistant isolates. Amoxicillin/clavulanic 
acid and cephalotin resistance accounted for approximately 50 % of the isolates. Of all multiple resistant 
isolates, the most frequently observed patterns of multiresistance was the combination of 
Amoxicillin/clavulanic acid–ampicillin-cephalothin (n = 9). There were significant more resistant isolates 
derived from the greenhouses sampling than in the open field farms (P < 0.05). The prevalence of 
antibiotic resistant E. coli on the vegetables underlines the importance for ‘good agricultural practices’ as 
beside the risk for severe foodborne disease outbreaks, fresh produce can contribute to the spread and 
ingestion of resistant bacteria as well.  
 
In chapter 5, a tailored sampling plan was carried out with sampling throughout a production 
day of two Belgian fresh-cut lettuce processing companies to gain insight into the impact of the water 
quality on the microbial quality, hygiene and safety of fresh-cut lettuce products. Water management 
and the management of food safety in general were identified as possible bottlenecks. Practices such as 
insufficient cleaning and disinfection of washing baths, irregular refilling of the produce wash baths with 
water of good microbial quality and the use of high product/water ratios resulted in a rapid increase of E. 
coli in the processing water with a potential transfer to the end product (fresh-cut bagged lettuce). For 
example, high E. coli and enterococci contaminations in the washing baths of respectively approximately 
5 and 4 log CFU/100 ml resulted in E. coli enumeration on both the conveyor belt and the weighing unit 
and up to 2.7 log CFU/g was found on the pre-packed fresh-cut product. Washing with water of 
insufficient microbial quality increases the potential for cross-contamination of the fresh-cut produce via 
the water and affects the microbial quality of the end product. As a consequence, processing the 
vegetables through the subsequent washing baths rather resulted in cross-contamination than in 
reducing the microbial load. The addition of sanitizers to the water is an option but is in many EU 
countries not supported or tolerated in national legislation or accepted by the consumer. In Belgium the 
fresh produce processing only relies on large amounts of valuable potable water.  
 
For the study in chapter 6, a commercial lettuce washing process was simulated through a 
dynamic washing process using two washing steps (sanitizers were not used). The microbiological load of 
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both wash water and lettuce were measured after each batch to understand the potential of cross-
contamination. The two cross-contamination processes (lettuce to water and water to lettuce) were 
included to gain more insight into the degree of contamination during a simulation of an industrial wash 
process. The mean reduction of initially contaminated lettuce through the washing in two successive 
potable wash baths (WB) was only 0.5 log CFU E. coli/g after WB2 while there was a rapid increase in 
contamination of the water in two wash baths. The transfer of E. coli, E. coli O157:H7 and viruses, MS2 
and MNV-1 from water to lettuce, was determined by contaminating WB1 with three different 
inoculation levels of one of the contaminants. After a rapid initial increase, the contamination of water in 
WB2 further increased during the washing process to approximately 1 to 0.5 log below the inoculation 
level of water in WB1. Beside the cross-contamination between the water in both WBs, the non-
contaminated incoming lettuce was also contaminated through the contaminated water from WB1. The 
degree of contamination of the lettuce depended on the WB1 and increased at higher contamination 
levels of WB1.  
 
In conclusion, in the present PhD a longitudinal study was performed along the fresh produce 
chain to collect Belgium-specific microbial baseline data. The major bottlenecks were established being 
the lack of microbiological knowledge and the management of the irrigation and washing water. 
Furthermore, the commonly “generic” guidelines in place both in primary production and in the 
processing industry lacking criteria for verification of ‘good practices’. In primary production, there is a 
need for education, knowledge and awareness concerning the importance of microbiology. There is also 
room for improvement and clarification of the guidelines for the irrigation process concerning the 
identification, testing and monitoring of the water. For the processing industry, there is a need for clear 
and unambiguous guidelines for the fresh produce processing as the risk of cross-contamination cannot 
be controlled by using large volumes of water without the use of a sanitizing agent. In addition if 
considering the sustainable use of water, the use of excessive amounts of water for washing of fresh 
produce must be avoided as availability of potable water is restricted and costly in many areas of the 
world. The use of only potable water for washing soiled or contaminated crops as a prerequisite seems 
not appropriate with regarding to the (future) scarcity of water but also from a food safety perspective.  
Future perspectives include the elaboration of useful recommendations for microbial water 
management in the whole chain based on risk assessment. Furthermore, the impact of the climate on 
the microbial status of the fresh produce need to be further investigated. 
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Samenvatting 
Het eerste deel geeft een literatuurstudie weer en legt de focus op positieve gezondheidseffecten bij de 
consumptie van groenten. Het geeft een analyse van de productie-, export- en importcijfers om de 
stijgende globalisatie te illustreren. In de voorbije 20 jaar kent men door deze globalisatie, in combinatie 
met een aantal andere factoren, een stijging in ziekte uitbraken gerelateerd met de consumptie van 
groenten, meer specifiek bladgroenten. De microbiologische contaminatie van bladgroenten is 
gerelateerd met verschillende risicofactoren van de primaire productie tot de groente verwerkende 
bedrijven. De mogelijke risicofactoren in de primaire productie zoals bemesting, het binnendringen van 
dieren op het veld, de keuze van het veld en de hygiëne worden besproken. Er wordt dieper ingegaan op 
de twee belangrijkste factoren, namelijk het irrigatiewater en de irrigatiemethode. 
Voor de versneden groenten zijn de bewaring, het wasproces en de hygiëne de meest belangrijke 
factoren voor contaminatie en microbiële groei.  
In een laatste deel van de literatuur wordt een overzicht gegeven van overlevingsstudies waarbij de 
meest belangrijke factoren voor overleving van indicator bacteriën en pathogenen aan bod komen voor 
zowel sla als grond. 
In het tweede hoofdstuk van het doctoraat wordt de relatie in de primaire productie onderzocht tussen 
indicator bacteriën, pathogenen, temperatuur, neerslag en pH. Tussen april 2011 en december 2012 
werden bij 8 slaboeren in West-Vlaanderen genomen. De 740 genomen stalen werden onderverdeeld in:  
57 grondstalen van de zaadling, 23 zaadlingen, 276 grondstalen van het veld, 264 slastalen en 120 
waterstalen. 
Op de sla zelf werd er geen Salmonella spp. teruggevonden of positieve PCR EHEC signalen gedetecteerd. 
Eén van de 92 grondstalen bevatte Salmonella spp. terwijl 5 andere grondstalen PCR EHEC positief waren 
voor de virulentiefactoren (vt1 of vt2 en eae genen). Een lage aanwezigheid van Campylobacter spp. 
(8/88) werd teruggevonden op de sla. Het irrigatiewater bevatte regelmatig E. coli (59.2% van de stalen > 
1 CFU/100 ml). In ¼ van de stalen van het irrigatiewater werden ook pathogenen geïsoleerd (25 %, n = 
30/120), vooral dan Campylobacter spp.  
Over het algemeen werden er geen of zeer lage correlaties gevonden tussen de microbiologie van de sla 
en grond en tussen de temperatuur en neerslag. Tussen de aantallen E. coli, coliformen en enterococci in 
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het water werden er sterkere relaties gedetecteerd, wat aantoont dat het analyseren van deze 
indicatoren samen overbodig is. 
Er dient opgemerkt te worden dat de vier indicatoren (E. coli, coliforms, enterococcus en TPAC) in 
hogere aantallen aanwezig waren wanneer pathogenen gedetecteerd werden in het water. E. coli en 
pathogenen blijken dan weer meer aanwezig te zijn in de grond en de sla na hevige regenval of 
gedurende de maanden met hogere temperatuur (mei – november). Hoe dan ook, temperatuur, 
neerslag en E. coli kunnen de aanwezigheid van pathogenen niet voorspellen maar geven toch een 
richtlijn wanneer er waakzaamheid nodig is voor mogelijke aanwezigheid van pathogenen op het 
product of in het water. 
 
In hoofdstuk 3 wordt de mate van implementatie van goede landbouwpraktijken en het management 
van de slaproductie nagegaan door middel van de combinatie van een interview, checklist en het gebruik 
van de microbiologische data over het product en de omgeving. Het overgrote deel van de 
landbouwbedrijven, zijn landbouwers die op kleine schaal produceren. Deze zijn een voor een 
gecertificeerd voor de nationale standaard. Dit certificaat is vereist om te mogen leveren aan veilingen of 
slaverwerkende bedrijven. De focus van de nationale standaard is vooral gericht op pesticiden. Volledige 
registratie en documentatie betreffende het gebruik wordt geëist in tegenstelling tot de meer algemene 
eisen met betrekking tot bemestingen, water, persoonlijke hygiëne, schoonmaak en onderhoud van het 
materiaal. De ondervraagde landbouwers hadden slechts een beperkte kennis op het gebied van 
pathogenen en voedselveiligheid. Desalniettemin, de landbouwers voldoen aan de richtlijnen voor 
microbiologie die neergeschreven zijn in de nationale standaard maar hebben geen tot weinig 
documentatie over microbiële resultaten van bijvoorbeeld wateranalyse. Er werd aangetoond dat open 
veld bedrijven in het algemeen gevoeliger zijn voor fecale contaminatie in vergelijking met de serre 
bedrijven. De concentratie E. coli op sla en in het water was significant hoger voor de open veld 
bedrijven. Ook pathogenen werden meer geïsoleerd uit het water bij open veld (12/45, 46.7%) ten 
opzichte van serres (9/75, 12.0%). Op de sla zelf werd alleen Campylobacter spp. gedetecteerd waarbij 
de pathogeen ook altijd in het water werd teruggevonden. Dit suggereert dat het water de mogelijke 
bron is voor contaminatie, wat met zich meebrengt dat de water kwaliteit dient te verbeteren om 
kruiscontaminatie te vermijden. 
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In hoofdstuk 4 werd bekeken of groenten kunnen fungeren als een drager of reservoir van bacteriën met 
antibiotica resistentie. In totaal werden 473 E. coli’s geïsoleerd uit 740 stalen. 66 isolaten waren 
afkomstig van grond van de zaadling, 171 isolaten van de grond in het veld, 72 isolaten van de sla, 161 
isolaten van het water en slechts 3 isolaten van de zaadling. De verschillende isolaten werden getest ten 
opzichte van een antibiotica panel bestaande uit 14 verschillende antibiotica. 
Er werden geen isolaten gevonden die gereduceerde gevoeligheid vertoonden ten opzichte van de 
aminoglycosiden, amikacine, kanamycine, gentamycine en de quinolone ciprofloxacine. Resistentie voor 
ampicilline kwam het meest voor (7 %). De aanwezigheid van resistentie voor 
amoxycilline/clavulaanzuur, cephalthine, tetracycline en trimethoprim lag tussen de 4 en 4.5%, gevolgd 
door de prevalentie voor streptomycine (3.6%), sulfonamides (3.0%) en chlooramphenicol (1.9 %). 
37 van de 54 resistente isolaten waren multiresistent. Ampicilline resistentie was aanwezig in ongeveer 
75 % van de multiresistente isolaten gevolgd door resistentie tegen amoxicilline/clavulaanzuur en 
cephalothine die in ongeveer 50 % van de isolaten aanwezig waren. Het meest voorkomende 
resistentiepatroon was de combinatie van amoxicilline/clavulaanzuur-ampicilline-cephalothine (n = 9). 
Significant meer resistente stammen werden geïsoleerd uit de serre in vergelijking met open veld (P < 
0.05). De aanwezigheid van antibiotica resistente E. coli op de groenten benadrukt het belang van goede 
landbouwprakijken aangezien er naast het risico voor voedsel-gebonden uitbraken ook een risico is voor 
de spreiding en inname van resistente bacteriën. 
In hoofdstuk 5 werden stalen genomen gedurende een productie dag in twee Belgische sla verwerkende 
bedrijven. Op deze manier kon inzicht verworven worden in de microbiologische kwaliteit, hygiëne en 
veiligheid van de vers versneden producten. Het water management en in het algemeen de 
voedselveiligheid werden geïdentificeerd als de belangrijkste knelpunten. Onvoldoende schoonmaken en 
desinfecteren van de wasbaden en de hoge product water/ratio’s door het onvoldoende verversen van 
het water resulteren in een snelle opbouw van E. coli in het waswater met een mogelijke transfer naar 
het eindproduct. Hoge E. coli en enterococci contaminaties tot respectievelijk 5 en 4 log KVE/100 ml 
resulteerde in telbare E. coli kolonies op zowel de transportband als de gewichtsverdeler en tot 2.7 log 
KVE/g werd teruggevonden op het versneden product. Waswater van slechte microbiologische kwaliteit 
verhoogt de kans op kruiscontaminatie van het product door het water en resulteert dus in een slechte 
microbiologische kwaliteit. Met als gevolg dat het wassen van groenten eigenlijk zorgt voor extra 
contaminatie in tegenstelling tot een reductie in microbiologie. Het gebruik van desinfectantia is een 
mogelijkheid, alleen wordt het in vele EU landen niet ondersteund door de nationale wetgeving of 
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aanvaard door de consument waardoor in België de sla verwerkende bedrijven vooral afhankelijk zijn 
van het gebruik van grote hoeveelheden water.  
Voor hoofdstuk 6 werd een commercieel wasproces van sla gesimuleerd door gebruik te maken van 
twee wasstappen (desinfectantia werd niet gebruikt). De microbiologische kwaliteit van zowel waswater 
en sla werd gemeten na elke batch om de kruiscontaminatie in detail te bekijken. De twee processen van 
kruiscontaminatie (sla naar water en water naar sla) werden bekeken om inzicht te verkrijgen in de graad 
van kruiscontaminatie. 
De gemiddelde reductie in E. coli door het wassen van gecontamineerde sla na de twee wasbaden was 
slechts 0.5 log KVE/g terwijl er een heel snelle opbouw van contaminatie was in de twee wasbaden. Ook 
de transfer van E. coli, E. coli O157:H7 en de virussen MS2 en MNV-1 van water naar sla werd bepaald 
door het artificieel contamineren van het eerste wasbad met een van de contaminanten. Na een snelle 
initiële stijging, steeg de contaminatie van het water in het tweede wasbad nog tot ongeveer 0.5 tot 1 
log onder het inoculatieniveau van het eerste wasbad. Naast de contaminatie tussen de twee wasbaden 
werd de niet gecontamineerde sla ook nog gecontamineerd door het water van het eerste wasbad. De 
graad van contaminatie is afhankelijk van het eerste wasbad en stijgt met stijgende contaminatieniveaus 
in het water. 
Uit dit onderzoek betreffende de verse productieketen waarbij microbiologische data in België 
verzameld werden, kunnen een aantal conclusies getrokken worden. De belangrijkste vastgestelde 
knelpunten zijn het gebrek aan microbiologische kennis en het beheer van het irrigatiewater en 
waswater. Ook de te algemene richtlijnen voor goede praktijken voor zowel de primaire als de 
verwerkende industrie zijn een probleem. In de primaire productie is er nood aan opleiding, kennis en 
bewustwording met betrekking tot het belang van microbiologie. Ook is er ruimte voor verbetering en 
duidelijkheid over de richtlijnen voor irrigatiewater vooral in verband met identificatie, testen en 
monitoren van het water. Voor de verwerking is er nood aan eenduidige richtlijnen aangezien het risico 
voor kruiscontaminatie niet vermeden kan worden door het gebruik van grote volumes water zonder 
gebruik van desinfectantia. Daarbovenop, gezien de huidige waterproblematiek met de beschikbaarheid 
en kostprijs van drinkbaar water moet het gebruik van buitensporige hoeveelheden water vermeden 
worden. Bovendien is het gebruik van enkel drinkbaar water als voorwaarde ook niet voldoende vanuit 
voedselveiligheid bekeken. 
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In de toekomst dienen duidelijke richtlijnen ontwikkeld te worden, gebaseerd op risicobeoordeling voor 
het beheer van water in de hele keten. Daarenboven, moet de impact van het klimaat op de 
microbiologische veiligheid ook naderbij bekeken worden. 
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Chapter 1 Literature Review: Production, Processing and 
Safety of Fresh Produce 
1.1 Fresh produce consumption, production and trade 
1.1.1 Fresh produce consumption 
Fresh produce are fresh fruit and vegetables including fresh, whole fruit and vegetables, fresh-cut 
(minimally processed) fruit and vegetables such as shredded cabbage, mixed or blended fruit or 
vegetables such as bagged mixed salad (without dressing, croutons, bacon bits, etc.) (CFIA, 2013). 
Fruit and vegetables are important components of a healthy diet, and their sufficient daily 
consumption could help prevent well-known diseases like cancers and heart diseases (Gupta et al., 
2010; Higdon et al., 2007; Hung et al., 2004; Link and Potter, 2004). The insufficient intake of fruits 
and vegetables is recognized as one of the biggest factors contributing to the increase in chronic non-
communicable diseases (e.g. cancer, cardiovascular disease, diabetes and obesity) worldwide, 
causing 2.7 million deaths annually (Agudo, 2005; WHO, 2003; Santos et al., 2012). Fruit and 
vegetable intake vary considerably among countries, in large part reflecting the prevailing economic, 
cultural and agricultural environments (FAOSTAT, 2013).  
The intake of 400 g of fresh produce a day is stimulated by the WHO and many national and regional 
health authorities (Agudo, 2005; WHO, 2003).  
The 2012 data of the Freshfel ‘Fresh fruit and vegetable production, trade, supply & consumption 
monitor in the EU-27’ of fruits and vegetables in the countries, showed that overall in the EU-27, in 
2011, a 2.6% rise in consumption was observed to 382 g/capita/day for fresh fruits and vegetables 
compared to 2010 (Freshfel, 2012). Specifically, the consumption per capita fruit in 2011 was at 
197.1 g/capita/day on average for the EU-27. It increased by 3% in 2011 compared with 2010, but it 
also showed a decrease by 3% in 2011 compared with the average consumption of the previous five 
years (2006-2010).  
The per capita vegetable consumption in 2011 was 185.5 g/capita/day for the EU-27. It increased by 
2% in 2011 compared with 2010 but declined by 3% in 2011 compared with the average 
consumption in the previous five years (Freshfel, 2012). In almost half of the member states (13/27) 
in 2010, in countries such as France, Germany, the Netherlands and the UK, the consumption of fruits 
and vegetables was below the recommended 400 g/day (Freshfel, 2011).  
In 2010, in Belgium average per capita consumption was 63 kg of fruit and 176.4 kg of vegetables. 
This is an average of 172.6 and 483.2 g/day respectively, or a total of 655.8 g/day (Freshfel, 2011). 
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In contrast, a vegetable consumption of 138 g/day and a fruit consumption of 118 g/day was 
observed in the Belgian Food Consumption Survey conducted in 2004 (Scientific Institute of Public 
Health, 2004).  
In 2011, in Belgium, tomato was the most popular vegetable with 6.5 kg/capita in a year, followed by 
carrots (6.3 kg/capita, +17 %) and onions (4.3 kg/capita, + 8 %) which increased very fast in the last 
ten years. The consumption of chicory (3.8 kg/capita, - 7%) and lettuce varieties (2.7 kg/capita, - 9%) 
decreased compared to 2001 (VLAM, 2012).  
 
Fruit and vegetables can be consumed either as a whole or fresh-cut. Due to changes in people’s 
lifestyle and constraints such as time pressure and lack of convenience, a shift was created to 
consumption of fresh-cut fruits and vegetables (Ragaert et al., 2004; Vidal et al., 2013). Fresh-cut 
produce is defined as any fresh fruit or vegetable or any combination thereof that has been 
physically altered from its original form, but remains in a fresh state. Regardless of commodity, it has 
been trimmed, peeled, washed and cut into a 100% usable product that is subsequently bagged or 
prepackaged to offer consumers high nutrition, convenience and value while still maintaining 
freshness (Rojas-Graü et al., 2011). Washed, bite-size and packaged fresh fruit and vegetables allow 
consumers to eat healthy on the run and to save time on food preparation (Soliva-Fortuny and 
Martin-Belloso, 2003). In the last decade, consumption of fresh-cut produce has undergone a sharp 
increase. The consumption of fresh-cut vegetables remained approximately on the same level (3100 
tons/year) between 2008 and 2011 but increased sharply in 2012 up to almost 4000 tons (Fresh 
Trade, 2013). In 2008 in Belgium, fresh-cut vegetables were responsible for 10-20% of the total offer 
of fresh vegetables and fruits in the supermarket. 60 % of the fresh vegetables were fresh-cut 
vegetables for cooking and 40 % were mixed salads (PCG, 2008).  
Consumers' expectation of year around availability of fresh food products has encouraged the 
globalization of food markets (Yu and Nagurney, 2013). As a result, fresh produce is grown and 
exported in large volumes and the production chain for fresh produce is highly complex and global 
oriented (Jacxsens et al., 2010b). Developing countries that are new in the distribution of fresh 
produce are becoming more and more integrated in the global food market (Jacxsens et al., 2010b; 
Trienekens and Zuurbieri, 2008; Yu and Nagurney, 2013).  
1.1.2 Fresh produce production in the world and the EU 
Calculations on production variables for fresh vegetables were performed using data between 1991 
and 2010 from the FAOSTAT database (http://faostat.fao.org). The focus is on fresh vegetables 
(whole vegetables or minimally processed). The crop production data refers to the actual harvested 
Co
py
rig
Literature Review 
 
3 
 
production from the field, excluding harvesting and threshing losses. Production therefore includes 
the quantities of the commodity sold in the market (marketed production) and the quantities 
consumed or used by the producers (auto consumption). Crop area is a surface of land on which a 
crop is grown. The FAOSTAT database contains data of more than 190 sovereign states in the world 
(list see http://fao.org). The EU comprises 27 member states (without Croatia). Area harvested data 
is expressed in hectares; yield in hectogram/hectare; production and data in tons (FAOSTAT, 2013). 
The world production of fresh vegetables increased with 121% between 1991 and 2010 up to more 
than 1000 million tons (Figure 1.1). The fast increase was due to the increase in production in Asia (+ 
187%) or more specific China (+ 300%) as the production in the other continents slightly decreased or 
remained approximately on the same level. China was responsible for 70 % of the increase in 
production in the world. During the two decades, the production contribution of China increased 
from 28.8 % to 52.1%.  
The overall harvested area increased as well (+69.7 %). The higher increase of production quantity 
compared to the production area implicates a higher production efficiency of the crops (+ 30.1% 
Hg/ha (hectogram/hectare)). 
 
 
Figure 1.1: The production of vegetables in the world and different regions from 1991 up to 2010 
 
For the vegetables in European Union, the production quantity remained approximately the same 
between 1991 and 2010 (- 0.8%) despite the higher efficiency (+ 27.1% Hg/ha). This was because the 
decrease in production area (- 21.9%).  
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In 2010, 200 countries were responsible for a total world production of 1036 million tons vegetables 
spread over 54.6 million ha. The European Union accounted for 64.4 million tons or 6.2% of the 
world production and represented 2.4 million ha or 4.3% of the total area. The world top producing 
countries were China, India and USA with respectively 52.1%, 9.7% and 3.4% of the total amount. The 
first European country was Italy on the seventh place with 1.4%. For the EU-27, Italy was the top 
producer (22.0%), followed by Spain (19.7%) and Poland (8.0%). 
Tomatoes were the most produced vegetable (152 million tons) in the world and represented 14.6% 
of the total vegetable world production (Table 1.1). Watermelons were the second most produced 
vegetable with 99 million tons or 9.6% followed by onions (76 million tons or 7.6%). 
In the EU, the tomatoes were also the most popular with more than a quarter of the total EU 
production (17 million tons. 26.2%) (Table 1.1). The other vegetables were clustered together, onions 
(5.5 million tons, 8.5%) followed by cabbages and other brassicas (5.3 million tons, 8.2%).  
In the EU, the vegetable group, lettuce and chicory is most produced in Spain, Italy and Germany 
with respectively shares of 34%, 14% and 13 %, Belgium (2.9 %) is situated 9th just below the 
Netherlands (3.2 %). 
 
Belgium is the fifth smallest member state but has the third highest population density, 350 
people/km². Knowing that the self-suffiency was 136% (in 2006/2007, last available number), the 
horticulture in Belgium is very intensive and concentrated on a small area (VLAM, 2012). Belgium 
produced 1.36 million tons of vegetables. 72% of the total vegetable production was in open field. 
The most important vegetables were carrots, leek and cauliflower with respectively 20%, 16% and 9% 
of the total vegetable production in open field (LARA, 2010). The production in greenhouses had a 
share of 28% of the total vegetable production. Tomatoes were the most important with 59% of the 
total greenhouse production followed by the lettuce varieties (17%) (LARA, 2010). The most 
important vegetables produced in Belgium and their shares in Europe and the world are displayed in 
table 1.2. The Belgian pride, ‘leeks’, had an impressive share of almost 10 % of the world total 
production.  
In the EU, in 2003 the total number of holdings growing fresh vegetables, melons or strawberries was 
2.27 million (Eurostat, 2012). There has been a general tendency for a decrease in the number of 
holdings in the last years. For the EU, the decrease was 29% between 2003 and 2007. In 2003 there 
were 162 000 greenhouses. After an increase in 2005, there was a decrease in 2007 to 145 000 
holdings. The open field farmers decreased between 2003 and 2007 from 2.1 million to 1.4 million of 
holdings (Eurostat, 2012). The total harvested area of the EU decreased between 2003 and 2007 with 
9% to 2.5 million ha which represents over one third of the territory of the EU in 2007. However, this 
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means that, as the decrease in harvested area was only 9%, there was an upscaling in area of the 
holdings producing vegetables. The drop can be linked to the ageing of the holders, often leading to 
the disappearance of the smaller holdings (LARA, 2010). The general tendency of disappearance of 
the smaller units was followed by an increase of larger holdings.  
 
Table 1.1: The top 10 vegetables in production quantity in the world and EU in 2010 
World European Union 
Rank Vegetable 
 
Total 
production 
(million tons) 
Share 
in the 
world 
vegetable Total 
production 
(million tons) 
Share 
in the 
EU 
1 Tomatoes 151.7 14.6% Tomatoes 16.9 26.2% 
2 Watermelons 99.2 9.6% Onions, dry 5.5 8.5% 
3 Onions, dry 78.5 7.6% Cabbages and 
other brassicas 
5.3 8.2% 
4 Cabbages and other 
brassicas 
66.4 6.4% Carrots and 
turnips 
5.2 8.1% 
5 Cucumbers and 
gherkins 
62.4 6.0% Lettuce and 
chicory 
3.0 4.7% 
6 Eggplants 
(aubergines) 
43.9 4.2% Cucumbers and 
gherkins 
2.7 4.3% 
7 Carrots and turnips 33.7 3.3% Watermelons 2.6 4.1% 
8 Chillies and 
peppers, green[401] 
29.4 2.8% Cauliflowers and 
broccoli 
2.3 3.5% 
9 Other melons 
(inc.cantaloupes) 
26.4 2.5% Chillies and 
peppers, green 
2.2 3.5% 
10 Lettuce and chicory 24.2 2.3% Other melons 
(inc.cantaloupes) 
2.2 3.3% 
 
Belgium followed the EU trend with a decrease in holdings producing vegetables from 8880 in 2003 
to 7380 companies in 2007. However, this decrease was mainly because of the decrease in open field 
holdings (7740  6380) as the greenhouse holdings remained approximately around 2200 holdings. 
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However, the decrease had no effect on the production between 2003 and 2007 as the production 
remained approximately on the same level (Eurostat, 2012).  
 
Table 1.2: The top 5 vegetables in production quantity (tons) in Belgium and the share in the world and the 
EU in 2010 
Vegetable Belgium European Union World 
Carrots and turnips 314100 6.05% 0.93% 
Tomatoes 227680 1.35% 0.15% 
Leeks. other alliaceous 
veg 
190663 22.70% 9.32% 
Cabbages and other 
brassicas 
97300 1.84% 0.15% 
Spinach 93150 18.81% 0.45% 
 
1.1.3 Fresh produce trade in the world, EU and Belgium 
Calculations on trade variables for fresh vegetables were performed using data between 1991 and 
2010 from the FAOSTAT database (http://faostat.fao.org). The import/ export of goods and services 
are defined by the United Nations. Import includes all goods entering the economic territory of a 
compiling country and export includes all goods leaving the economic territory of a compiling 
country. This means that within the FAO- database trade between countries is considered and 
divided in intra-EU (trade between EU countries) and extra-EU trade (trade between EU and non EU 
countries). Trade data are in tons (FAOSTAT, 2013). 
Trend analysis of the trade quantity data of fresh vegetables showed similar to the production 
quantity an increase in import of 150 % (Figure 1.2) and an increase in export quantity of 175% 
(Figure 1.3). Despite the fact that the EU production remained at the same level in the 20 year 
period, there was an increase in Europe in import (79.3%) and export (81.8%). However, the 
importance of Europe in the world trade was decreasing from 54.0% to 39.2% for the import and 
from 52.4% to 36.7% for the export due to the globalization of the market. 
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The European Union imports large and increasing volumes of vegetables because year-round 
production is not possible for many species. Most of the popular varieties of vegetable can be 
produced in the EU. Imports of vegetables from outside the EU are therefore limited. However, it is 
sometimes cheaper to import some products, such as beans, chili peppers or asparagus, from 
developing countries than to produce them domestically as they are very labor-intensive and carry 
substantial production risks. 
 
Figure 1.2: The import of vegetables in the world and different regions from 1991 up to 2010 
 
Figure 1.3: The export of vegetables in the world and different regions from 1991 up to 2010 
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In 2010, a total of 14.8 million tons were imported within EU countries. Most vegetables were 
imported from other EU countries as only 15.6% of the total trade volume originated from outside 
the EU. However, the share of imports from outside the EU grew more rapidly and its share of total 
imports was increasing. Between 2001 and 2010, intra-EU imports grew by 35.5% in volume, while 
total extra-EU import value grew by 56.9% in volume. The majority of extra-EU trade in vegetables 
came from developing countries, which accounted for 86% of the extra-EU volume. The distance to 
the EU market was an important determining factor in the vegetable trade. This is because 
vegetables have to be consumed fast and cannot always be stored or ripened in transit. Countries 
such as Morocco, Turkey and Egypt, with their relative proximity to the EU, are in a better position to 
supply fresh products to the EU market than more distant countries, which face higher (and 
increasing) transport costs. Not surprisingly, these three countries are in the top 5 of the leading 
fresh vegetable suppliers from extra-EU countries with market shares of 25.8%, 12.1% and 5.3% 
respectively in 2010 (Figure 1.4).  
14.3 million tons were exported by EU countries. 87.7% of the vegetables are exported between EU 
countries. In the first decade of the century, the intra-EU export increased with 40.0% in volume, 
while total extra-EU export increased by 44.6%. 
 
  
Figure 1.4: Intra-EU import and Extra-EU import 
 
95% of the imported vegetables in Belgium originated from EU countries. The most important 
countries were the Netherlands (58%), France (21%) and Spain (10%). The first non-EU members in 
the list were Israel (0.9 %), Costa Rica (0.8%) and Egypt (0.5%) on place 7 to 9. The most important 
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vegetables imported from the EU were carrots and turnips (27%), onions (11%) and tomatoes (8%), 
from the non-EU countries, dry onions (22 %) and green beans (20%). 
The export was mainly focused on tomatoes (25%), carrots and turnips (19%) and leeks (11%) with 
France (33%), the Netherlands (23%) and Germany (16%) as the main partners. 8.6% of the export 
was to non-EU countries. The biggest non-EU partner was the Russian Federation with 80% of the 
total non-EU export.  
1.2 Outbreaks associated with (leafy) vegetables 
There is an increased concern about the microbiological contamination of fresh produce and an 
increasing number of foodborne illnesses from enteric bacteria associated with fresh produce was 
observed (Beuchat, 1996, 2006; Harris et al., 2003; Ilic et al., 2008; Johnston et al., 2006; 
Sivapalasingam et al., 2004). Fresh produce was infrequently recognized in the US as a vehicle of 
outbreaks and illness cases in the 1970s (0.7% and 1%, respectively), but as epidemiological evidence 
mounted, by the 1990s frequencies changed to 6% and 12%, respectively (Sivapalasingam et al., 
2004). In the US between 1998 and 2007, fresh produce was involved in 684 outbreaks involving 
26,735 cases of illness, a share of 14.8% of all outbreaks that accounted for 22.8% of cases of all 
foodborne illnesses in the US. Salads, vegetables and fruits were linked to 345, 228 and 111 illness 
outbreaks, respectively, with the largest number of illnesses (≥11,200) (CSPI, 2009; Olaimat and 
Holley, 2012). 
There are several reasons for the increase in outbreaks: 
1. The trends of the global market and increased complexity of the chain ($1.1.3). 
Food sectors have rapidly internationalized. Market demand is no longer confined to local or 
regional supply. Retailers and food industries source their products from all over the world, 
transforming the food industry towards an interconnected system with a large variety of 
complex dynamic relationships. This ensures access to any food item regardless of season 
and location presenting serious vulnerabilities as not all food industries and companies are 
able to follow demands pushed by Western markets. This is especially difficult for companies 
from developing countries (Beuchat, 1998; Ercsey-Ravasz et al., 2012; Trienekens and 
Zuurbieri, 2008; Yu and Nagurney, 2013).  
2. Agriculture becomes more intensive, produce fields may be next to animal production zones, 
and the ecological connections between wild animals, farm animals, and produce may be 
closer (Lynch et al., 2009).  
3. Climate change impacts food safety through many different ways: changes in temperature 
and precipitation patterns, increased frequency and intensity of extreme weather events, 
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ocean warming and acidification, and changes in the transport pathways of complex 
contaminants (Hofstra, 2011; Tirado et al., 2010). 
4. Increasing numbers of immune compromised consumers (Santos et al., 2012). 
Vulnerability arises often because of immune suppression, through either disease processes 
or the medications used to manage them, and at the extremes of age or in pregnancy (Lund 
and O'Brien, 2011). For example, there is an increasing amount of older people in Belgium. In 
2002, there were 1 746 392 people older than 65 while in 2012, 1 924 472 were already older 
65 (BE.STAT, 2012). 
In 2008, the WHO categorized leafy green vegetables as the highest priority in terms of fresh produce 
safety from a global perspective as the most common produce items associated with outbreaks were 
greens-based salads and lettuce (Delaquis et al., 2007; DeWaal, 2009; Ilic et al., 2008; Jacxsens et al., 
2010b; WHO, 2008) (Table 1.3). This was based on:  
- frequency and severity of disease 
- the size and scope of production 
- the diversity of the supply chain and industry 
- the potential for amplification of foodborne pathogens 
- the potential for control 
-  extent of trade and export 
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Table 1.3: Summary of different outbreaks associated with leafy vegetables from 2000 up to 2012 
Causative agent Year Country Human cases Implicated food Country of 
origin 
(likely) source of contamination Reference 
S. Typhimurium 
DT204b 
2000 Iceland, U.K., 
the 
Netherlands, 
Germany 
392 cases Lettuce Unknown Unknown Crook et al., 2003 
S. Typhimurium DT104 August – 
September 2000 
U.K. 361 cases Lettuce U.K., three 
farms but not 
proven 
Unknown Horby et al., 2003 
 
Cyclospora 
cayetanensis 
2000 Germany 34 cases fresh green leafy herbs Southern 
Europe 
Probably fertilization with human waste 
or fecal contaminated water used to 
irrigate crops, prepare pesticides, or 
freshen or clean produce at their origin 
Doller et al., 2002 
Hepatitis A 2001 Sweden 54 cases Lettuce, rocket Imported from 
? 
unknown Nygard et al., 2001 
Salmonella Newport  2001 UK  9 cases Pre-packed ready to eat 
Salad vegetables 
unknown Unknown  Fisher and O'Brien, 2001 
E. coli O157 2003 USA 57 Mixed salad US A farm in Salinas valley CDHS, 2005 
S. Newport 2004 U.K. 368 cases Lettuce Not mentioned Unknown Gillespie, 2004 
Salmonella Thompson 
 
October to 
December 2004 
Norway (and 
probably larger 
EU outbreak) 
21 cases Rucola lettuce  Import from 
Italy 
Unknown (it is speculated that using 
water of nonpotable quality for 
irrigation of vegetables close up to 
harvest may lead to contamination of 
the products with a variety of 
pathogens). 
Nygard et al., 2008 
 
Salmonella 
Braenderup 
 
2004 UK  40+ cases Iceberg lettuce  Import from 
Spain 
Unknown  
 
Gajraj et al., 2012 
E. coli 0157 July to 
September 2005 
Sweden 135 cases Iceberg lettuce domestic The lettuce was irrigated by water from 
a small stream, and water samples were 
positive for Stx 2 by PCR. The identical 
VTEC O157 Stx 2 positive strain was 
Soderstrom et al., 2008) Co
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isolated from the cases and in cattle at a 
farm upstream from the irrigation point 
E. coli 0157 September – 
December 2006 
US 205 cases Pre-packaged spinach domestic The outbreak strain was isolated from 
the field, from cattle feces on a farm 
nearby and from wild pig feces. A 
potential cause was that the river 
functioned as a vector between the 
contaminated feces and the irrigation 
wells used.  
CFERT, 2007; Jay et al., 2007 
E. coli 0157 September to 
October 2007 
the 
Netherlands 
and Iceland 
50 cases Ready-to-eat lettuce mix Domestic  Unknown (usually result from 
contamination during crop production 
by application of water, soil, manure 
contaminated with animal feces) 
Friesema et al., 2008 
Norovirus and 
enterotoxigenic E. coli  
January 2010 Denmark and 
Norway 
260 cases Lettuce (lollo bionda) 
used in sandwiches 
Import from 
France 
Unknown (Since neither norovirus nor 
ETEC are zoonotic agents, human fecal 
matter may have been the source of the 
contamination, possibly via 
contaminated water). 
Ethelberg et al., 2010 
E. coli O145 2010 USA 26 Shredded Roman Lettuce  domestic A single processing facility CDC, 2010 
E. coli O157:H7 November 2011 USA 58 Romaine Lettuce Domestic 
production 
Unknown (probably one farm, but Farm 
A was no longer in production during the 
time of the investigation) 
CDC, 2012a; Slayton et al., 2013 
Yersinia enterocolitica 
O:9 
February to 
April 2011 
Norway 21 reported 
cases 
Bagged salad mix 
(including radicchio 
rosso) 
Import from 
Italy 
Unknown (noted that the cold storage 
conditions may increase growth of Y. 
enterocolitica as this bacterium is able to 
grow down to –2ºC). 
 
MacDonald et al., 2011 
E. coli O157:H7 2012 USA 33 Organic Spinach and 
Spring Mix blend 
Domestic 
Production 
Identified State Garden as a common 
producer, but a source of contamination 
has not been identified. 
CDC, 2012b 
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The leafy vegetables are most vulnerable to food safety concerns because they have large surface 
areas that are susceptible to contamination by pathogens (Caponigro et al., 2010; Jawahar and 
Ringler, 2009).  
According the Food and Drug Administration (FDA), leafy greens were responsible for one third of the 
outbreaks in the US (FDA, 2009). Most of the outbreaks were caused by Escherichia coli O157:H7 
(FDA, 2009; Lynch et al., 2009). Outbreak investigations are an important and challenging component 
of epidemiology and public health and can help identifying the source and prevent additional 
outbreaks by recommendations of strategies (Reingold, 1998). Outbreaks from various parts of the 
world from 2000 until now related to leafy vegetables are summarized in table 1.3. The different 
outbreaks showed a whole range of causative agents, involved countries and number of human cases 
associated with different leafy vegetables. Although intense trace back investigations were 
conducted, the identification of the contamination source was rarely successful. Nevertheless, in 
some cases the potential point where contamination could have occurred was identified. Trace back 
can be complex and time-consuming as the vegetables need to be obtained as soon as possible 
because of the short shelf life (Lienemann et al., 2011; Reingold, 1998). Since 2001 in Belgium, only 
one case possible case concerning leafy vegetables was mentioned. The presence of Listeria 
monocytogenes (01/08/2012) led to a recall of fresh-cut produce (unknown which vegetables).  
1.3 The lettuce production chain 
There is a wide range of leafy greens such as iceberg lettuce, spinach, baby leafs, etc. However, the 
focus in the present PhD is on the whole head butterhead lettuce (Lactuca sativa L. var. capitata). In 
general, the primary production and processing of lettuce comprises a succession of different unit 
operations (Figure 1.5). In Belgium, the lettuce production chain start in the nurseries where the 
seedlings are produced until they are mature enough for transfer to the field. After the seedling 
production, the first step of the primary production is the preparation of the field for the planting of 
the lettuce seedlings. The preparation consist of fertilization with either an inorganic or organic 
fertilizer as manure is an excellent source of crop nutrients and will improve soil structure through 
provision of organic matter (Masse et al., 2011). For the production of vegetables, animal manure is 
commonly used as fertilizer in organic agriculture (Johannessen et al., 2005). In the US, large 
amounts of animal manure are applied to agricultural land. An estimated 1.36 billion tons of manure 
are produced annually of which approximately 90% is generated by cattle (Islam et al., 2005). 
According UK guidelines, if fresh solid manure or slurry is applied to the field, harvest cannot take 
place within 12 months. A waiting time of at least 6 months is advised before drilling or planting. If 
treated or batch stored solid manure or slurry is added to the land there is no waiting time necessary 
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(Food Safety Agency UK, 2009). After applying manure, the land is tilled with a cultivator to prepare 
the field for planting. In most cases, in the next few days, the lettuce seedlings are planted manual or 
mechanized in the prepared soil. 
During the production process of leafy greens, depending on the weather conditions, the lettuce 
crop cycle takes between 4 and 15 weeks. Water plays an essential role. It is very important from the 
start of the production process as a medium to apply pesticides and irrigation water for the growth 
of the crops. During the growing period, irrigation is frequently applied depending upon the 
temperature and amount of precipitation. However, greenhouses rely completely on irrigation as the 
fields are enclosed by glass. When the lettuce is mature, the harvesting starts by cutting the lettuce 
crops manually.  
In the greenhouses, harvested lettuce is transported on harvest rigs to the packing area. Workers 
need to take care of the lettuce when harvesting the crops to reduce the damage to a minimum. Also 
they must cut off the outer leaves, remove as much soil as possible and they need to separate small 
heads of lettuce or lettuce with symptoms of decay (Codex Alimentarius, 2003b). After manipulation, 
lettuce is primary rinsed at harvest to remove dirt, soil and to reduce micro-organisms and maintain 
the quality and shelf life (James, 2006; Jawahar and Ringler, 2009).  
 
For the open field farmers, the lettuce is rinsed and manipulated in the field, before putting in a 
transport box. Dependent on the farmer, the lettuce is stored in a cooled area or directly 
transported. Some farmers deliver the lettuce to the auction while other farmers who have a 
contract with a processing company deliver the product directly to the processer. 
The processor buys the produce at the auction or straight from the farm. After arriving and 
refrigerated storage at the processing company, the inedible parts are manually separated from the 
edible parts and disposed outside the factory in designated areas. These initial preparation 
procedures lead to product losses of 20 to 70% of the incoming raw materials weight (Artes and 
Allende, 2005). 
After the manual operation, the lettuce is cut and washed through a succession of two or three wash 
baths (FSAI, 2001). The purpose of the washing step is pre-cooling, removing dirt, pesticide residues 
and cell exudates that may support microbial growth, and reduce the bacterial load (spoilage 
bacteria and pathogens) of the produce (Gil et al., 2009). After washing the lettuce is dried and 
transported by means of conveyer belts to the packaging unit. At last, the fresh-cut lettuce is packed 
to increase shelf-life (Ragaert et al., 2007) and stored under refrigeration conditions before leaving 
for the retail. 
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Figure 1.5: The lettuce production chain, the primary production represents both open field and greenhouseCo
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1.4 Routes of contamination 
Vegetables can become contaminated at any point in the production chain by physical, chemical and 
biological hazards (Beuchat and Ryu, 1997; Franz and van Bruggen, 2008b; UN, 2007). The 
contamination occurs during growth, harvesting, processing, distribution and final preparation 
(Beuchat, 1996, 2006; Steele and Odumeru, 2004) (Figure 1.6). 
1.4.1 Primary Production 
1.4.1.1 Seeds and seedlings 
The study of Van der Linden et al. (2013) showed the possibilities for long-term survival of enteric 
pathogens on seeds and the ability of pathogens to resuscitate and proliferate on the seedlings. As 
such seeds or seedlings should be considered as contamination sources for the cultivation of leafy 
vegetables as pathogens are able to survive on lettuce in the field from inoculation on the seedling 
up to harvest (Islam, et al., 2004a; Islam, et al., 2004b). Contaminated seeds have been identified as 
the main source for outbreaks related to the consumption of sprouts and sprouted seeds such as the 
EHEC-outbreak in Japan in 1996 (Watanabe et al., 1999) and the outbreak in Germany and France in 
2011 where E. coli O104:H4 was attributed to contaminated fenugreek seeds (Scharlach et al., 2013; 
Soon et al., 2013). 
1.4.1.2 Manure and Soil 
Properly handled and treated manure is an effective and safe fertilizer but untreated or improperly 
treated manure may become a source of pathogens that may contaminate not only soil and fresh 
products but also surface, ground water and drinking water supplies (Venglovsky et al., 2009). 
Untreated or improperly treated manure may harbour pathogenic bacteria such as Salmonella spp., 
E. coli O157:H7, Campylobacter jejuni, Yersinia enterocolitica and Clostridium perfringens. 
(Johannessen et al., 2005; Venglovsky et al., 2009). Especially crops that grow close to the soil, like 
lettuce, have a higher probability to get contaminated than crops that grow a few centimetres above 
the soil (Doyle and Erickson, 2008). In case the manure is applied in spring at the beginning of 
cultivation season, the natural destruction of pathogen micro-organisms will still continue in 
agricultural land and the numbers of pathogens may be below infective doses and the risks can be 
low (Heinonen-Tanski et al., 2006). In order to become a public health threat the pathogens must be 
able to persist on or in the plant until harvest and up to the moment of consumption (Harris et al, 
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2003). Avoiding direct contact of manure with the produce close to harvest decreases the risk of 
contamination of produce (Coetzer, 2006; Doyle and Erickson, 2008).  
 
However, some reports have shown that pathogens may be transmitted from manure amended soil 
to the plants and that the bacteria may be internalized. Internalization of Salmonella spp. or E. coli 
O157:H7 into the edible parts of plants has been observed for lettuce (Franz et al., 2007; Klerks et al., 
2007; Lapidot and Yaron, 2009; Solomon, Yaron, et al., 2002; Wachtel and Charkowski, 2002). Those 
cells cannot be removed by post-harvest or consumer sanitation actions, thereby posing a serious 
public health threat. However, it also has been indicated that such transmission does not take place 
(Johannessen, 2005). So further research is necessary to gain insight into the mechanism as results at 
the moment are quite discussable. 
 
The level of enteric pathogens in manure is mainly a function of the health status of animals and 
subsequent handling/treatment (Cray et al., 1998; Gagliardi and Karns, 2000). All the permitted 
fertilizers are accompanied by a document provided by the supplier. The ground intended for the 
cultivation of vegetables or fruits that are in direct contact with the soil and normally consumed raw, 
cannot be fertilized with purification sludge over a period of 10 months before harvest, or during the 
harvest itself (IKKB, 2010). So precautions aimed at preventing the spread of livestock-associated 
pathogens on farm may be helpful in limiting the spread of livestock-associated pathogens further 
along the food chain (Nicholson et al., 2005). 
On the end products of manure many different rules apply at European, federal and regional level. At 
European level there is the regulation (EG) 1774/2002 (Anonymous, 2002c). At federal level ‘het 
koninklijk besluit van 28 January 2013 is effective, on marketing of fertilizers, soil improvers and 
growing substrate (Anonymous, 2013a). 
According to the regulation (EG) 1774/2002, the end products have to undergo heat treatment for 1 
hour at 70°C and they must have been subjected to reduction in spore-forming bacteria and toxic 
formation. They must be free of Salmonella spp. (no Salmonella spp. in 25 g treated product) and 
contain less than 3 log CFU per gram of treated products Enterobacteriaceae. The end products must 
be stored in well-sealed and insulated silos or in properly sealed packs.  
According to the self-checking guide, fertilizers, soil amendments of natural origin of the own farm 
and allowed fertilizers may be used. Also the ground intended for the cultivation of vegetables or 
fruits that are in direct contact with the soil and normally consumed raw, cannot be fertilized with 
purification sludge over a period of 10 months before harvest, or during the harvest itself (IKKB, 
2010).  
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Figure 1.6: Possible cross-contamination routes in primary production C
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1.4.1.3 Water 
Many foodborne illnesses originate from poor water quality used in the food production and post-
harvesting processing. Fecal contaminated irrigation water is indicated as either a possible source, or 
as the likely source that may lead to contamination of fresh, ready-to-eat fruits and vegetables with 
pathogens (Castillo et al., 2004; Ensink et al., 2007; Leifert et al., 2008; Okafo et al., 2003; Thurston-
Enriquez et al., 2005). Water used for irrigation can transfer human pathogens to the edible parts of 
the plants (Amoah et al., 2006; Erickson et al., 2010; Lapidot and Yaron, 2009; Melloul et al., 2001; 
Solomon et al., 2003; Song et al., 2006). In Morocco, same serotypes of Salmonella in the water were 
isolated from the lettuce after irrigation (Melloul et al., 2001). Salmonella spp. and Vibrio spp. were 
detected on lettuce when the irrigation water was contaminated (Okafo et al., 2003). Campylobacter 
spp. was isolated from watercress and harvested from contaminated irrigation water (Edmonds and 
Hawke, 2004), while Prazak et al. (2002) found 8% (4/50) cabbages positive for L. monocytogenes 
after final irrigation in the field. The irrigation pond water was responsible for a multistate 
Salmonella spp. Newport outbreak in the US in 2005, associated with eating tomatoes (Greene et al., 
2008). Contamination of iceberg lettuce in a large outbreak caused by E. coli O157 in Sweden was 
probably caused by river water containing vt2 genes used for irrigation. However, the strain was only 
isolated from cattle upstream (Soderstrom et al., 2008). The agricultural water was the source of 
contamination in a nationwide outbreak of Salmonella Saint Paul in the US in 2008 on peppers 
(Behravesh et al., 2011).  
The risk of introducing enteric pathogens through irrigation water can be reduced to two important 
points, the source/type of irrigation water and the irrigation method (Brackett, 1999; Leifert et al., 
2008; Steele and Odumeru, 2004). There are different sources of irrigation water such as municipal 
water, surface water (open canals, impounded water such as ponds, reservoirs and lakes), collected 
rainfall water or groundwater with different contamination levels (James, 2006). Wastewater was 
not taken up as it is not used in Belgium. However, treated wastewater is included in the surface 
water. The advantages and disadvantages are summarized in table 1.4. Naturally, municipal water is 
the best available water quality, followed by groundwater, rainwater and surface water. However, 
the cost of municipal water is too high for irrigation and farmers rely either on groundwater or 
collected rainwater or surface water or a combination there-off. Wastewater is not mentioned as it is 
forbidden in Belgium. 
As a consequence of the appropriate quality and low cost of groundwater, the water was increasingly 
exploited. The quality and sustainability of the natural groundwater reservoirs is currently 
threatened in some parts of Europe by over-abstraction. This results in the degradation of spring fed 
rivers, destruction of wetlands, and chemical and microbiological contamination of the water (EEA, 
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1999; Reid et al., 2003). In Belgium, the farmers had to look for alternatives for groundwater because 
the Sokkel (Belgian groundwater level) is highly under pressure as there were annual decreases in the 
water level (D’hooghe et al., 2007). Conform the European Water Framework Directive, which 
mentions that the abstraction of groundwater has to be in accordance with the capacity of the water 
system, the Sokkel abstraction of groundwater in Belgium needs to be reduced by 75 % with respect 
to 2000 (VMM, 2007). However, almost 44 % of the measured groundwater levels showed a 
decrease and only 20 % an increase (VMM, 2012). In Belgium in 2013, the first 499 m³ are free of 
charge, between 500 and 30 000 m³, one m³ cost around 0.08 € (VMM, 2013). The most popular 
alternative in primary production is rainwater collected in an open reservoir. However, the quality is 
lower compared to groundwater and the risk for cross-contamination of the produce increases as 
rainwater is more prone to contamination compared to groundwater. Furthermore, the quality of 
the collectors and reservoirs can also influence the contamination of the rainwater (Helmreich et al., 
2009; Schets et al., 2010). 
There are three distinct methods of irrigation: sprinkler systems, gravity-flow (furrow) systems, and 
micro-irrigation systems. Micro-irrigation includes surface drip and subsurface irrigation methods 
(Gerba and Choi, 2006). The difference between the different methods and the advantages and 
disadvantages associated with the different methods are summarized in table 1.5. The transfer of 
pathogens depends on the irrigation method and on the nature of the produce (SCF, 2002). There is a 
general agreement that subsurface irrigation lowers the risk of transfer to growing plants compared 
to furrow and sprinkler irrigation by minimizing the exposure of the irrigated water to people or 
agricultural produce (Enriquez et al., 2003; Hamilton et al., 2006; Oron et al., 1992; Song et al., 2006).  
Drip and spray irrigation on lettuce with suspensions of E. coli O157 led to a lower contamination for 
drip irrigation than for spray (Jawahar and Ringler, 2009; Markland et al., 2012; Mena, 2006; Song et 
al., 2006). E. coli could be detected by spray irrigation up to 27 days after irrigation (Erickson et al., 
2010). Spray irrigation with water containing 2.5 log CFU Salmonella spp./l was sufficient for 
contamination and persistence of the pathogen in the plants for at least 48 h (Kisluk and Yaron, 
2012). Spray irrigation is best applied in the early stages of plant growth because the interval 
between planting and harvesting is long enough as increasing the interval from the time of 
contamination to the point of harvest significantly decreased the likelihood that the pathogen is 
present in the harvested product (Fonseca et al., 2011; Moyne et al., 2011). Contamination by 
irrigation water is most vulnerable just before harvest (Jawahar & Ringler, 2009). Risk associated with 
spray irrigation may increase if the irrigation event occurs immediately after a high wind lapse 
(Barker-Reid et al., 2009). The ultimate type of irrigation method chosen by a grower depends on 
several issues, including water quantity and cost, depth of water table, soil type and slope, and crop 
rotations (Mena, 2006).  
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Table 1.4: Comparison between the different water sources used for irrigation or in the processing 
 Municipal Water Groundwater Collected Rainfall water Surface water 
Definition (based on 
(Codex Alimentarius, 
2003b; Jacxsens, 2010a) 
Water of potable 
quality offered by 
water companies 
Water, seeped through from 
the surface and present in 
porous rocks below the 
surface, shallow wells or 
deep aquifers 
Collected water from precipitation (rain, 
snow, …) 
Water from a source that is exposed to the environment like 
rivers/canals/lakes/open wells 
Cost Capacity 
compensation + 
approximately 3.3 
euro/m³ 
(www.pidpa.be) 
First 499 m³ are free of 
charge, between 500 and 30 
000 m³, one m³ cost around 
0.08 € (VMM, 2013) 
Free Charging depending on the surface water if > 500 m³/year 
Contamination (Leifert et 
al., 2008) 
Lowest Low Moderate (initial quality is good) High 
Contamination sources Pipelines, biofilm Failing of septic systems, 
leaking sewer lines and from 
land discharge by passage 
through soils and fissures or 
interaction with surface 
water (Fong et al., 2007; 
Hunt et al., 2005; Lucena et 
al., 2006; Steele and 
Odumeru, 2004) 
Dust, organic matter, leaves, bird and 
animal excreta on the catchment areas 
(Evans et al., 2006; Sazakli et al., 2007) 
Treated wastewater, discharge of raw sewage, municipal 
wastewater, storm-water runoff, runoff from urban and 
agricultural areas. Animals like birds, farm animals, and even 
humans are both indirect and direct contributors to the 
contamination (Geldreich, 2006; Savichtcheva and Okabe, 
2006; Sliva and Dudley Williams, 2001) 
Weather impact / Heavy rainfall may lead to 
changes in the direction of 
water flow systems and flow 
through channels that would 
not normally occur which 
could lead to contamination 
(Hunter, 2003) 
Microbial profile found in rainwater 
systems was dependent on local 
environmental conditions and wind 
speeds/directions (Evans et al., 2006). 
Rainfall after longer dry periods results in 
an increased presence of bacteria in the 
reservoirs (Schets et al., 2010; Schets et 
al., 2007; Yaziz et al., 1989). The first flush 
of rainwater carries most contaminants 
into storages (Yaziz et al., 1989) 
 
Storms, tides, or strong winds cause sediment resuspension, 
bacteria will also resuspend, resulting high bacteria levels in 
the water column (Ahn et al., 2005; Bai and Lung, 2005; 
Parker et al., 2010; Stumpf et al., 2010). An additional 
increase in the numbers of organisms in the surface water is 
obtained due to heavy rainfall or storm flow through sewage 
overflow and surface runoff (Ahn et al., 2005; Astrom et al., 
2009; Goyal et al., 1977; Parker et al., 2010; Rechenburg et 
al., 2006) 
Irrigation (Eurostat, 
2013) 
Unknown 52 % 42 % (on-farm surface water) 
Processing (POM, 2007) 19% 20 % 14 % 1 % Co
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Table 1.5: Comparison of the (dis)advantages of the different irrigation methods 
 Surface/furrow Irrigation Sprinkler Irrigation Drop Irrigation 
Definition (Eurostat, 2003) Leading of water along the ground, 
either by flooding the whole area or 
leading the water along small furrows 
between the crop rows, using gravity 
as a force 
Irrigating the plants by propelling 
water under high pressure as rain over 
the parcels 
Irrigating the plants by placing water low 
by the plants drop by drop or with micro-
sprinklers or by forming fog-like 
conditions 
Advantages (Ghassemi et al., 
1995; Verbeten, 1998) 
Low capital costs Suited for a wide range of slopes, soils 
and crops  
Avoidance of uneven penetration of 
water and its subsequent waste 
 
Increased uniformity, soil structure is 
preserved, water is saved because of 
reduced evaporation and a 
Correct control of water quantities and 
nutrients reaching plants is possible 
Disadvantages (Ghassemi et al., 
1995; Verbeten, 1998) 
Uneven penetration of the water 
Water application onto the field may 
be uncontrolled 
Not suited for all slopes and soils 
High initial cost of equipment 
The higher operation costs compared 
with surface irrigation 
The need of a pumping plant and the 
requirement of energy 
High capital costs 
Obstruction of small drippers because of 
water impurities 
Creation of an area of permanently 
saturated or near-saturated soil favoring 
the development of plant or animal pests 
 
Used percentage in Belgium 
(Eurostat, 2003) 
9 % 81 % 14 % 
Labor requirements (Verbeten, 
1998) 
Man hour by irrigation/ha 
0.1 – 3 0.05 – 2.5 0.1 – 0.3 Co
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1.4.1.4 Indirect and direct contamination by animals 
Risks posed by livestock and wild animals are dependent upon prevalence, incidence, and amount of 
pathogen carriage in the animal hosts and degree of interaction between the animals and growing 
environment (Alam and Zurek, 2006; Jay et al., 2007; Khaitsa et al., 2006; Oporto et al., 2008). Birds 
are particularly problematic because they have the ability to transmit pathogens over substantial 
distances and are difficult to control (Lewis Ivey et al., 2012; Tsiodras et al., 2008).  
Cattle are known to be the main reservoir host for E. coli O157 (Armstrong et al., 1996; Fremaux et 
al., 2008; Hancock et al., 2001; Karmali et al., 2010). Non-O157 VTEC strains with the potential to 
cause disease in humans, such as O26, O103, O111, and O145, have also been isolated from cattle 
(Jenkins et al., 2003; Murphy et al., 2007; Pearce et al., 2006). Contamination of vegetables may 
occur when the pathogen can enter the environment through direct deposition of feces to land, 
when improperly composted manure has been applied or through overland runoff of fecal material 
(Beuchat, 1998; Thurston-Enriquez et al., 2005). E. coli O157 has also been reported in non-bovine 
species such as other ungulates (deer, sheep, and goats) and numerous other domestic and wild 
animals, including horses, pigs, birds, chickens, turkeys, dogs, and rats (Chapman et al., 1997; Doane 
et al., 2007; Heuvelink et al., 1999; Nielsen et al., 2004). For example, flies are capable of transmitting 
3 log CFU E. coli per landing (De Jesus et al., 2004).  
Birds and mammals are reservoirs of Salmonella spp., and several surveys have reported the 
presence of various Salmonella serotypes (Geue and Löschner, 2002; Magistrali et al., 2008; Pfleger 
et al., 2003; Prendergast et al., 2009; Tizard, 2004). Campylobacter spp. have been detected nearly 
everywhere from farm and urban environments to slaughter plants, as well as isolated from humans, 
wild birds and mammals and farm production animals (Colles et al., 2003; Corry and Atabay, 2001; 
Ellis-Iversen et al., 2009; Horrocks et al., 2009; Kwan et al., 2008; Stanley and Jones, 2003; Verhoeff-
Bakkenes et al., 2011; Waldenstrom et al., 2002). 
Another risk is the presence of antimicrobial resistant bacteria. It is known that most animals contain 
a wide range of antibiotic resistant bacteria (Butaye, 2013; Casteleyn et al., 2006, Persoons et al., 
2010). Presence of animals on the field or nearby the field can introduce antimicrobial resistant 
bacteria on the produce through runoff, direct contamination, etc. 
1.4.1.5 Selection of the land 
The land history is important as pathogenic bacteria (Salmonella spp., VTEC and Campylobacter spp.) 
have the ability to survive for extended periods of time in manure and fertilized soil (Forshell and 
Ekesbo, 1993; Franz and van Bruggen, 2008b; Islam, Doyle, et al., 2004; Jiang et al., 2002; 
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Johannessen et al., 2005; Venglovsky et al., 2006). The topology and location of the land is crucial as 
growing sites that are located downstream from heavily industrialized or populated areas are more 
prone to potential contamination. Therefore, run-off water from potentially contaminated sites must 
be a major consideration when examining the risks of growing leafy vegetables in these areas 
(Brackett, 1999). Furthermore, if vegetables are grown next to an animal-rearing operation, there is a 
potential for the product to become contaminated by animals. These animals may physically enter 
fields or runoff from the animal operation may contaminate the crops or the field (James, 2006). 
Water runoff has been identified as a potential threat to human health due to the high levels of 
biological contaminants that have been directly linked to disease outbreaks (Curriero et al., 2001; 
Gaffield et al., 2003) and dramatic negative impacts on water quality (Ahn et al., 2005).  
1.4.1.6 Harvest and postharvest 
Harvest of field crops marks the beginning of a chain of operations that disrupt the physiological 
state of the product (Doyle and Erickson, 2008). These operations include mechanical injury induced 
by cutting. Through the disruption of the physiological state, cut surfaces produce large amounts of 
nutrients that can be used by the micro-organisms inducing localized microbiological proliferation 
(Babic et al., 1996; Doyle and Erickson, 2008; Ragaert et al., 2007; SCF, 2002). During harvesting, 
lettuce can become contaminated with pathogens through faecal material, human handling, 
equipment, transport containers, wild and domestic animals, air, transport vehicles or water (SCF, 
2002). 
There may be direct hand contact to trim, sort, tie, transfer or pack product. People in the harvest 
area in contact with produce, equipment or the environment may be a source of contamination as 
poor hygiene practices of food handlers have been indicated or considered as a route of 
contamination in investigations of foodborne outbreaks associated with leafy vegetables (De Roever, 
1998; Harris et al., 2003; SCF, 2002). Personal hygiene is critical in preventing contamination of 
produce (Harris et al., 2003; James, 2006). The hygienic problem is created by the lack of suitable 
sanitary hand-washing facilities in the production area (SCF et al., 2002). Contamination is induced by 
several reasons such as bad water quality, no education, poor toilet facilities or poor hygiene 
facilities (Dentinger et al., 2001; Hilborn et al., 1999; Katz et al., 2002; Naimi et al., 2003). Highly 
potential objects for contamination by pathogens are hand contact surfaces, e.g. toilet area 
handholds and room door knobs (Lehto et al., 2001). Fingers contaminated by an environmental 
surface can transfer viruses to work surfaces (Barker et al., 2004).  
Wachtel et al. (2003) showed that lettuce leaves could be easily contaminated via contaminated 
hands and Espinoza-Medina et al. (2006) detected Salmonella spp. on workers hands. An outbreak of 
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hepatitis A was implicated by an infected food handler shredding lettuce by hand (Harris et al., 2003). 
Other outbreaks through infected workers included EHEC on parsley (Naimi et al., 2003), Salmonella 
spp. on Mamey (Katz et al., 2002), Hepatitis A on green Onions (Dentinger et al., 2001) and E. coli 
O157 on lettuce (Hilborn et al., 1999).  
To reduce the risk of microbiological hazards associated with fruits and vegetable, sanitary habits of 
workers (particularly the cleanliness of their hands), potable water, clean containers and equipment 
are all important (Suslow et al., 2003).  
Water is an important tool in the post-harvest as lettuce is primary rinsed at harvest to remove dirt 
and soil, to reduce micro-organisms and to maintain the quality and shelf life. Normally, water is a 
useful medium for reducing potential contamination. However, washing water of inadequate quality 
has the potential to be a direct source of contamination and a vehicle for spreading contamination 
(see 1.4.2.2) (Allende et al., 2008; Gerba, 2009; Gil et al., 2009; Luo, 2007; SCF, 2002; Wachtel and 
Charkowski, 2002).  
1.4.1.7 Storage and transportation 
Harvested produce must be cooled as quickly as possible to minimize the growth of pathogens and 
also to maintain good quality and ensure a longer shelf life. Temperatures must be maintained at 
levels suitable for the specific produce being cooled (Coetzer, 2006). Enteric pathogens can survive 
and even grow on the plant surface, depending on temperature, water availability, level of tissue 
damage, available nutrients, and the nature of the plants native microflora (Abdul-Raouf et al., 1993; 
Aruscavage et al., 2006; Brandi et al., 2006; Delaquis et al., 2007). Temperature is the most important 
tool to maintain postharvest quality (Suslow et al, 2003). It is important for maintaining the quality 
and to inhibit or slow down the proliferation of the micro-organisms (Abdul-Raouf et al., 1993). This 
is important for low-infectious pathogens such as Listeria monocytogenes which must grow in food to 
high numbers to cause disease, but this may not eliminate the risk for highly infectious bacterial 
pathogens which can cause diseases in low numbers. . Disruption of the cold chain can cause a 
substantial increase in microbial load (Rediers et al., 2009; Thomas and O'Beirne, 2000). An increase 
of 0.7 log CFU/g of Salmonella spp. in one day was observed for cilantro leaves at room temperature 
(Brandl and Mandrell, 2002). On lettuce, E. coli O157 populations increased by more than 2 log at 
30 °C within 8 h (McEvoy et al., 2009) and the mesophilic count increased more than 4 log within 3 
days at room temperature (Abdul-Raouf et al., 1993). At 5°C a shelf-life of 14 days can be expected. 
Microbial quality was retained 1.6 and 4 times longer at 0°C with respect to 8 and 15°C, respectively 
(del Moreira et al., 2006). Too low storage could lead to cold damage on vegetables, therefore 
storage at too low temperatures need to be avoided (Jacxsens, 2002a). However, low storage 
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temperatures may contribute to the survival and subsequent transmission of viruses to the human 
host (Seymour & Appleton, 2001).  
After harvest and storage, the fresh vegetables are transported. Vehicles and containers used to 
transport fresh produce could also be sources of potential contamination. They need to be clean and 
free of odors, dirt, and debris before loading. The produce containers and vehicles should also be 
cleaned routinely as part of Good Hygienic Practices (GHPs) to prevent contamination between loads. 
The temperature of transport would also determine the potential for growth of pathogens. Thus, the 
same low temperature as for storage must be used for transportation of the produce items.  
 
1.4.2  Processing 
In general, processing of fresh produce comprises a succession of different unit operations such as 
trimming, peeling, cutting, washing, centrifuging and packaging where contamination can occur 
(Delaquis et al., 2004; Gil and Selma, 2006; Zhang et al., 2006) (Figure 1.7). 
1.4.2.1 Cutting, shredding and size reduction 
Time–temperature conditions at the producer are a prerequisite in a HACCP system and must be 
monitored. Therefore, the recommended air temperature during sorting, grading and preparation is 
lower than 12°C, while during washing, cutting and packaging, it is recommended to keep 
temperature maintained between 4 and 6°C (Jacxsens et al., 2002b). 
The essential first stage in reducing the overall contamination on the vegetable crops used as raw 
materials for further processing is the removal of the inedible parts (e.g. outer or damaged leaves) 
(Artes and Allende, 2005). These parts have microbial counts of approximately 1 log higher than the 
edible inner leaf layers (Adams et al., 1989).  
Cutting is generally the next stage. Shredding induces mechanical injury in the tissue and causes 
physiological disorders due to the disruption of the plant tissues, breaking protective epidermal 
layers and releasing nutrient-rich vascular and cellular fluids (Artes and Allende, 2005; Martinez et 
al., 2008; Soliva-Fortuny and Martin-Belloso, 2003). The main physiological manifestations that 
appear because of wounding include increased respiration and ethylene production, membrane 
degradation leading to cellular disruption, decompartmentalization of enzymes and substrates, and 
accumulation of secondary metabolites (Kang and Saltveit, 2002; Ragaert et al., 2007; Saltveit, 1999; 
Surjadinata and Cisneros-Zevallos, 2003; Watada et al., 1996; Watada and Qi, 1999). 
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Figure 1.7: Contamination sources in the processing
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Through the disruption of the physiological state, cut surfaces produces large amounts of nutrients 
that can be used by the micro-organisms inducing localized microbiological proliferation (Babic et al., 
1996; Doyle and Erickson, 2008; Ragaert et al., 2007). Organoleptic decay of vegetables is often the 
factor limiting the shelf-life and marketability of fresh-cut lettuce (Bolin and Huxsoll, 1991; Lopez-
Galvez et al., 1996). 
Methods of preparation of fresh-cut lettuce which minimize cutting damage are highly desirable. 
Tearing lettuce led to a lower respiration rate and deterioration than cutting with a sharp knife or 
shredding due to less tissue damage (Bolin and Huxsoll, 1991; Martinez et al., 2008). Usually, the use 
of sharp blades to cut the products leads to lesser injury because of a lower number of injured cells 
(Martinez et al., 2008; Watada and Qi, 1999)  
The machinery used for cutting needs to be cleaned and disinfected at regular time intervals to avoid 
accumulation of organic residues (Artes and Allende, 2005). Bacteria can form biofilms, which are 
difficult to remove even with the cleaning practices routinely used in the food industry and may 
remain and survive in the plant environment (Romanova et al., 2007). Poorly cleaned and maintained 
equipment can harbor micro-organisms, including pathogens, and provide a reservoir of 
contamination (Stafford et al., 2002). E. coli, L. monocytogenes and Salmonella spp. have been 
isolated from conveyor belts and cooler surfaces (Duffy et al., 2005; Johnston et al., 2006; Prazak et 
al., 2002). Contaminated shredding equipment was identified as the source of contamination in an 
outbreak of salmonellosis attributed to shredded lettuce produced in a commercial setting (Stafford 
et al., 2002).  
1.4.2.2 Washing 
Three parameters have to be controlled when washing fresh-cut vegetables: volume of water used (5 
to 10 l/kg of product) (product/water ratio), temperature of water to cool the product, and, if used, 
the concentration of the sanitizer (Yildiz, 1994). The current control measures rely on washing and 
cooling below 4 °C to restrict the microbial load and growth (Bhagwat, 2006; Lehto et al., 2001; Luo, 
2007). Water temperature has been recommended to be as cold as possible for the product noting 
that the temperature will increase because of the contact with the produce (Gil and Selma, 2006). 
However, if the water temperature is much lower than the produce temperature, the internal gas 
contracts, thereby creating a partial vacuum and water will enter the tissue through pores, channels, 
or punctures (Bartz, 1999; Sapers, 2003).  
Washing can be seen as an intervention step in the processing of fresh produce. The washing 
procedure can consist of simply spraying with potable water, submersion in tanks or may involve 
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attempts of disinfection by dipping in agitated, chilled potable water in a washing tank containing an 
antimicrobial washing solution (Artes and Allende, 2005). 
According Beuchat(1998) one to two log reductions in the microbial load can be achieved when tap 
water is applied in the washing bath, but no guarantee can be given in relation to the elimination of 
pathogens. However, other studies showed that washing in tap water resulted in reduction lower 
than 1 log (Baert et al., 2009b; Rodgers et al., 2004). The quality of the wash water is very important 
as washing in water of unsatisfactory quality (due to buildup of microbiology during the washing 
process during prolonged reuse of the water) can lead to cross-contamination and an increase in 
microbial load of the fresh produce (Allende et al., 2008; Luo, 2007).  
When using a disinfection agent in the processing water, the produce has to be rinsed with potable 
water (CFA, 2010; Anonymous, 2009; Keskinen et al., 2009). After being spinned dry, the product 
should be hygienically and quickly conveyed to the packaging area (Artes and Allende, 2005; Hery et 
al., 1998).  
The fresh-cut processing industry is facing multiple challenges related to their water use such as 
increasing costs, volume restrictions for pumping up groundwater, costs and limitations of water 
volumes to be subjected to wastewater treatment (Casani et al., 2005; Hancock, 1999; Olmez and 
Kretzschmar, 2009).  
 
1.4.2.3 Packaging 
Fresh produce is more susceptible to disease organisms because of the increase in respiration rate 
after harvesting. So, the shelf-life under ambient conditions is very limited. The respiration of fresh 
vegetables can be reduced by preservation techniques (Ragaert et al., 2007; Sandhya, 2010). 
Packaging of leafy vegetables maintains a high humidity, which is an important factor for survival and 
growth of pathogens (Brandl and Mandrell, 2002; Dreux et al., 2007). Reports showed a decline of 
pathogens for low humidity and growth for saturated humidity (Brandl and Mandrell, 2002; Dreux et 
al., 2008). Lettuce leaves at the bottom (in condense water) showed higher total counts than lettuce 
on top of the bag emphasizing the importance of centrifuging (Valentin-Bon et al., 2008). Modified 
atmosphere packaging (MAP) technology is largely used for minimally processed fruits and 
vegetables including fresh, ‘‘ready-to-use’’ vegetables.  
The potential of MAP to extend shelf-life for many foods has been well documented (Abadias et al., 
2012; Brecht et al., 2003; Jacxsens et al., 2001; Phillips, 1996). O2, CO2, and N2, are most often used in 
MAP (Abadias et al., 2012; Jacxsens et al., 2001; Rico et al., 2007). Leafy vegetables and herbs have a 
high respiration rate, which increases further by tissue damage. Packaging in atmosphere with 
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depleted O2 and/or enriched CO2 levels can reduce respiration, delay ripening, decrease ethylene 
production, retard textural softening, slow down compositional changes associated with ripening, 
thereby resulting an extension in shelf life (Das et al., 2006; Rico et al., 2007). The recommended 
percentage of O2 in a modified atmosphere for fruits and vegetables for both safety and quality 
ranges between 1 and 5% (Lee et al., 1995; Sandhya, 2010) with levels of CO2 between 3 and 10 % 
(Jacxsens et al., 1999, Jacxsens et al., 2001). However, pathogens such as Clostridium perfringens, C. 
botulinum and L. monocytogenes are minimally affected by CO2 levels below 50%, and there is 
concern that by inhibiting spoilage micro-organisms, a food product may appear edible while 
containing high numbers of pathogens that may have multiplied due to a lack of indigenous 
competition (Farber 1991; Zagory 1995; Phillips 1996). 
1.4.2.4  Storage and Distribution 
Storage temperature is an important factor to maintain the microbial and visual quality of minimally 
processed vegetables (del Aguila et al., 2006; Jacxsens et al., 2002b; Oliveira et al., 2010; Suslow et 
al., 2003) (see 1.4.1.7). Effective cold chain management is crucial for the preservation of the quality 
and food safety of fresh-cut produce. Strict temperature control throughout the supply chain can 
minimize the risk of foodborne illnesses because cold storage drastically reduces the growth rate of 
most human pathogens (Ukuku and Sapers, 2007). According the self-checking guide G-14 for the 
fresh produce industry, the temperature for produce labeled “cold storage” must be kept at 7°C at 
maximum with a tolerance up to 10°C in the warmest spot (Anonymous, 1980). In the French 
legislation, ‘le legumes de la 4e gamme’ minimally processed vegetables must be stored at maximum 
4°C (Anonymous, 1988b). 
It has been shown that foodborne illnesses associated with produce are often caused by temperature 
abuse in the cold chain, for instance by incorrect refrigeration (Brackett, 1999; Bryan, 1988). 
Improper temperature management during storage in factories, distribution and display in retail 
shops is important for quality as elevated temperature allows the spoilage bacteria in fresh products 
to multiply quickly (Kaneko et al., 1999). The susceptibility of vegetable processing and storage 
procedures to microbial contamination and temperature abuse is well recognized (Francis et al., 
1999).  
 
1.5 Survival of pathogens on lettuce, water and soil 
The survival of pathogens is important as it can impact the likelihood of an outbreak (Fonseca et al., 
2011). In general, the survival of pathogens in pristine water decreases with increasing temperatures 
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(Gonzalez and Hanninen, 2012; Rhodes and Kator, 1988). However, increasing nutrients and high 
organic load will increase the survival. The viable counts of Campylobacter spp. decreased below 
detection limit within 5 days at 25°C and within a maximum of 70 days at 4°C (Gonzalez and 
Hanninen, 2012). Thomas et al. (2002) found 18 times higher decay rates for Campylobacter spp. at 
20°C. The survival of E. coli O157 in surface water strongly decreases with increasing temperatures, it 
survives 8 weeks at 25°C compared to 13 weeks at 8°C (Wang and Doyle, 1998). Salmonella spp. 
survives 24 weeks in freshwater microcosms at ambient temperature (30°C) compared to 58 weeks 
at temperatures of 5°C (Sugumar and Mariappan, 2003).  
After irrigation, the ability of enteric bacteria to survive in the hostile environments on the 
phyllosphere is questionable. Stress conditions on plant surfaces can restrict their survival (Brandl, 
2006; Warriner and Namvar, 2010). Enteropathogens can adapt to the phyllosphere environment but 
may fail to compete with indigenous epiphytes (Brandl and Mandrell, 2002; Cooley et al., 2006; 
Janisiewicz et al., 1999). Between 30 and 80 % of total bacterial populations on a leaf surface are 
located in biofilms with increased survival rate (Morris and Monier, 2003). Even if human pathogens 
cannot produce homogeneous biofilms, they may become part of heterogeneous biofilms produced 
by nonpathogenic bacteria, making them much more recalcitrant to stress conditions (Fett, 2000). 
However, E. coli O157:H7 may not preferentially colonize biofilms produced by natural microflora on 
lettuce leaves (Seo and Frank, 1999).  
A number of key factors are likely to influence bacterial death on the phylloplane, the most 
important being low humidity, high temperatures, exposure to UV, and wind-mediated drying of the 
leaf surface (Gras et al., 1994; Hutchison et al., 2008; Moyne et al., 2011; Oliveira et al., 2012). The 
survival and growth of certain enteric pathogens on plants depend on the relative humidity. Low 
relative humidity (RH) has been proposed as one of the main factors limiting survival of bacteria on 
plant surfaces (Medina et al., 2012; Oliveira et al., 2012). For instance, Salmonella spp. populations 
decline rapidly under low RH on cilantro, whereas they are able to grow under humid conditions on 
cilantro leaves (Brandl and Mandrell, 2002). Phylloplane bacteria are also efficient in UV-induced 
DNA damage repair (Heaton and Jones, 2008). Enteropathogens encounter osmotic stress when 
passing through the host gut which may induce cross-resistance to stresses encountered on the leaf 
(Brandl, 2006). Protection from environmental stresses may by facilitated by movement into the 
internal tissue of the plant. Enteropathogens in irrigation water can be taken up by the root system 
or via wounds or other structures such as stomata and enter the edible portion of the crop 
(Janisiewicz et al., 1999; Seo and Frank, 1999; Solomon, Yaron, et al., 2002; Zhang et al., 2009). 
However, despite a lower survival of pathogens in the field in the warmer season, chances are higher 
during this time of the year of introducing pathogens into the field (Fonseca et al., 2011). 
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Soil is considered as a comparatively less hostile environment compared to the phyllosphere (Kisluk 
and Yaron, 2012). Several properties of soil are influencing the survival of pathogenic bacteria 
including soil composition, pH, water activity, and microbial interactions. Under field conditions, 
other variables such as solar radiation, temperature and dryness, may also affect the survival of 
human pathogens (Oliveira et al., 2012).  
The survival of pathogens in soil and manure generally increases with low UV irradiance (Hutchison 
et al., 2008) and decreases with increasing temperature (Kudva et al., 1998; Mukherjee et al., 2006; 
Oliveira et al., 2012). Higher temperatures may contribute to greater stress and energy expenditure 
for the pathogenic bacteria than lower temperatures (Oliveira et al., 2012). Higher temperature 
increases the competition as the present microflora shows higher activity (Semenov et al., 2007). 
 
Clearly, the higher amount of moisture in furrow irrigated soils compared to sprinkle- and drip-
irrigated soils produces a more suitable environment for survival. Also, furrow irrigation, in contrast 
to sprinkler and drip irrigation, is likely to produce anaerobic conditions in the soil within the bottom 
of the furrow and this reduces the activity of the aerobic microbial community within the soil 
(Fonseca et al., 2011). Increased precipitation intensity together with increased temperature lead to 
higher moisture content of the atmosphere of approximately 7 % for each increase of 1°C (Trenberth 
et al., 2007). Higher air and soil humidity could enhance survival of pathogens in moisturized soil and 
manure (Warriner et al., 2009). 
Several studies examined the persistence and survival of pathogens on lettuce, through the 
application of irrigation water, manure or direct inoculation of lettuce, soil and manure. 
Nevertheless, the comparison of data from individual studies is difficult due to the variability in 
experimental objectives and conditions, plant species, cultivars, maturity at inoculation, bacterial 
strains and their cultivation, overall experimental designs, and analytical methods (Delaquis et al., 
2007). A summary of individual studies carried out with leafy vegetables is displayed in table 1.6 and 
table 1.7. The table emphasizes the big differences in experimental set-up between the publications. 
Sometimes artificial high inoculation levels (5-9 log CFU/g or ml) were used to check the use of 
contaminated compost and irrigation water on the ability for cross-contamination, survival and 
internalization of human pathogens in soil or lettuce. Still, the survival of pathogens after application 
of irrigation water or manure ranged from one day up to 2 months on lettuce and more than 7 
months in soil depending on inoculation level and season.  
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Table 1.6: Irrigation with contaminated water (different inoculations) on leafy vegetables and the subsequent cross-contamination and survival in lettuce and soil  
setting Produce Bacteria 
Inoculum (log 
CFU/ml) 
Irrigation 
method 
Survival in 
soil after 
inoculation 
Survival on 
produce 
after 
inoculation 
Reference 
field 
Leafy green lettuce E. coli O157 8 Spray ND 27 days Erickson et al., 2010a 
Iceberg lettuce E. coli 8-9 Spray 7 day 1 day 
Fonseca et al., 2011 Iceberg lettuce E. coli 8-9 Drip 7 day < 1 day 
Iceberg lettuce E. coli 8-9 Furrow 15 days < 1 day 
Lactuca sativa L. E. coli O157:H7 5 spray 140 days 56 days Islam, Doyle, et al., 2004 
Parsley Salmonella enterica 8.5 spray ND 4 weeks Kisluk and Yaron, 2012 
Lactuca sativa L. E. coli O157:H7 4 surface ND 15 days Mootian et al., 2009 
Lettuce, parsley, tomato and pimento Untreated wastewater ND  ND 3 days Melloul et al., 2001 
Lab 
 
Lactuca sativa var. longifolia L. innocua 7 spray ND 4 weeks Oliveira et al., 2011 
Lactuca 
sativa var. Longifolia 
E. coli O157:H7 7 spray ND 4 weeks Oliveira et al., 2012 
Green ice lettuce E. coli O157:H7 7 Surface ND 
20 days 
(6/32 
samples 
positive) 
Solomon, Potenski, et al., 2002 
Green ice lettuce E. coli O157:H7 7 
Spray 
irrigation 
ND 
20 days 
(29/32 
samples 
positive) 
Butterhead lettuce E. coli O157:H7 4 Spray ND 30 days 
Solomon et al., 2003 
Butterhead lettuce E. coli O157:H7 2 spray ND 15 days 
Spinach E. coli O157:H7 5 Spray ND 6 days Wood et al., 2010 
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Table 1.7: Publications with respect to inoculation of soil and lettuce and the subsequent survival and cross-contamination 
setting produce Bacteria Inoculation (log CFU/g) Survival in soil after inoculation Survival on produce after inoculation Reference 
Field 
Lactuca 
sativa  
E. coli O157:H7 
Composts: 7 
 
154 days 77 days Islam, et al., 2004 
Lactuca 
sativa L. 
E. coli O157:H7 
Soil and manure-amended soil: 1, 2, 3 
and 4 
ND 15 days Mootian et al., 2009 
Romain 
lettuce 
E. coli 
O157:H7 
Plants: 5.4-6.4 
soil 4.7 
 
Soil Up to 15 days 
 
Lettuce, up to 35 days 
 
 
Moyne et al., 2011 
Lab 
Spinach 
Salmonella 
Enterica 
soil: 6  ND 
all samples after 7 days 
40 % after 14 days 
20 % after 21 days 
Arthurson et al., 2011 
Romain 
lettuce 
E. coli O157:H7 
lettuce leafs 6.5 log CFU/leaf 
24h, 23°C, <50% humidity 
ND 
Reductions of 1.8 to 3.3 log CFU/leaf 
 
Theofel and Harris, 2009 
Romain 
lettuce 
E. coli O157:H7 
fresh-cut lettuce 3.5  
5 days, 5°C and 20°C, < 50% humidity 
ND 
Increase at 20°C after 24h 
decrease at 5°C after 1, 2 and 5 days 
Theofel and Harris, 2009 
Romain 
lettuce 
E. coli O157:H7 
and S. enterica 
 
Plants: 4  
3 days, 28°C, 100% relative humidity 
ND 
100 fold increase E. coli O157:H7 
155 fold increase S. enterica 
Brandl and Amundson, 2008 
Romain 
lettuce 
E. coli O157:H7 
and S. enterica 
Harvested leaves: 4  
3 days, 28°C, 100% relative humidity 
ND 
500 fold increase E. coli O157:H7 and 
740 fold increase S. enterica 
 
Brandl and Amundson, 2008 
Romain 
lettuce 
E. coli O157:H7 
Soil: 5  
20°C , 70% relative humidity 
ND 36 days Ibekwe et al., 2009 
Lactuca 
sativa L cv. 
Dublin 
E. coli O157:H7, 
Salmonella 
serovar 
Typhimurium 
Manure: approximately 7  
 
E. coli O157:H7 up to 56 days 
Salmonella Typhimurium > 56 days 
one lettuce root was positive lettuce E. 
coli O157 
Franz et al., 2005 
NA E. coli O157:H7 
inoculated manure mixed with 
unautoclaved or autoclaved soil: 6-7  
Autoclaved soil: 231 days 21°C ND Jiang et al., 2002 
Green-
house 
Crisphead 
Lettuce 
 
E. coli O157:H7 
bovine manure: 4  
 
8 weeks 
Not detected 
 
Johannessen et al., 2005 
Co
py
rig
ht
Literature Review 
35 
 
In winter, a higher survival was observed compared to summer months (Fonseca et al., 2011). While 
shorter survival in the field is observed in the summer, chances are higher during this time of the 
year of introducing a pathogens because of the higher stocking rates and the direct access of 
livestock to surface water and fields, etc. (Eyles et al., 2003; Fonseca et al., 2011)  
 
1.6 Legislation and guidelines 
The most general of all food law rules determines the responsibilities of food business operators that 
only safe food is brought to the market. This statement is made by the Codex Alimentarius (in 
paragraph 2.1.2) (Codex Alimentarius, 2003b) and by the European Community in Regulation no. 
178/2002 known as the General Food Law (Anonymous, 2002a).  
The Codex Alimentarius Commission (CAC) is the international intergovernmental organization for 
food standards, guidelines, and recommended practices. An intergovernmental organization can only 
make recommendations to the governments of the individual member states. The CAC made the first 
voluntary rules in 1969 as the General Principles of Food Hygiene (Codex Alimentarius, 2003a) where 
they suggested a HACCP-based approach for the entire food production chain to enhance food 
safety. The specific CAC “Code of Hygienic Practice for Fresh Fruits and Vegetables” was published in 
2003 providing guidelines for water use, fertilization, soil, etc. (Codex Alimentarius, 2003b). To assure 
the safety and hygiene of production, Good Agricultural Practices (GAPs) and Good Manufacturing 
Practices (GMPs) are introduced by Codex Alimentarius (Codex Alimentarius, 2003b). The objective of 
GAP and GMP is controlling the different hazards for food safety (microbiological, physical, chemical) 
and must be seen as the basic requirements from primary production up to retail. Good practices 
contain a set of control activities to prevent (e.g. selection of water source for irrigation) or to 
mitigate contamination (e.g. fertilizer program) and assurance activities (e.g. sampling, 
documentation) to demonstrate if these “good practices” are functioning well. In Europe, GAP and 
GMP was enforced by legislation e.g. EU Regulation 852/2004 (Anonymous, 2004; Codex 
Alimentarius, 2003b).  
Regulation 852/2004 combines the General Food Law and more specific Hygiene Legislation. It 
provides food hygiene principles for all stages of production, processing and distribution of food to 
satisfy the relevant hygiene requirements laid down in this regulation. The primary producers are 
separated from food business operators in the other stages of the food chain.  
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Figure 1.8: the integrated approach 
1.6.1 Primary production 
The Regulation (EC) No. 852/2004 states that primary producers do not have to use procedures 
based on the HACCP principles (Article 5(3) Regulation (EC) No. 852/2004) (Anonymous, 2004). They 
are subjected to a basic set of hygiene rules for primary production and the associated operations 
(Article 4(1) and Annex I Regulation (EC) No. 852/2004) if the transport, storage and handling of 
primary products take place at the place of production and does not substantially alter their nature 
(Anonymous, 2004). They have to ensure that the primary products are protected against 
contamination, in any processing that primary products will subsequently undergo. The food 
business operators have to comply with appropriate national legislative provisions related to the 
control of hazards in primary production and associated operations (2 and 3(a) II. Hygiene provisions 
Part A Annex I Regulation (EC) No. 852/2004) (Anonymous, 2004).  
Based on the Codex Alimentarius several quality assurance standards were developed for the 
primary production. GlobalGap is a private sector body that sets voluntary standards for the 
certification of production processes of agricultural (including aquaculture) products around the 
globe (GlobalGap, 2012). The GlobalGap standard is primarily designed to reassure consumers about 
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how food is produced on the farm by minimizing detrimental environmental impacts of farming 
operations, reducing the use of chemical inputs and ensuring a responsible approach to worker 
health and safety as well as animal welfare (GlobalGap, 2012) (www.globalgap.be). 
Another QA standard developed and used on a national level is Integrated Chain Quality 
Management (ICQM) in Belgium (IKKB, 2010) (www.vegaplan.be). The ICQM Standard applies to 
agricultural crop production and horticulture. It describes the entity of legal and extra-legal 
standards relating to basic quality and traceability for the production of vegetable and fruits. The 
term ‘basic quality’ encompasses food safety, technological quality and the environment. The ICQM 
Standard describes the minimum requirements for the agricultural producers and the workers to 
have access to the market. ICQM is controlled by vegaplan.be which is responsible for the ICQM 
Standard administration 
1.6.2 Processing and distribution 
The food business operators active in the stages after primary production have to apply the Food 
Hygiene legislation EC Regulation 852/2004, the principles thereof are organized in twelve chapters 
which deal with all aspects of food hygiene (Anonymous, 2004). The Food business operators shall 
put in place, implement and maintain a permanent procedure or procedures based on the HACCP 
principles. In the various EU Member States competent authorities inspect and audit the 
implementation of GMP, GHP and HACCP based procedures. Article 7 in the Regulation 852/2004 on 
the hygiene of foodstuffs offers the member states the opportunity to develop national and 
Community guides to good food hygiene practice or to apply HACCP principles (Anonymous, 2004). 
These guides to good practice for hygiene or for the application of HACCP principles is a valuable 
instrument to aid food business operators to comply with the rules developed by fresh-cut produce 
processing associations. The guides do not replace the legal obligations but can (voluntary) help to 
fulfill the obligations (Anonymous, 2004). For example in Belgium, a sector guide was developed with 
guidelines written by the sector organizations and validated and approved by the Federal Agency of 
the Safety of the Food Chain (FASFC) (Jacxsens, 2010a). This self-checking guide can be very helpful 
to implement HACCP and be the basis for a company specific Food Safety Management System.  
 
Besides the national level, international retailers made their own more stringent private standards 
and guidelines to the fresh produce sector to guarantee safe fresh produce. Third party certification 
is often a compulsory demand by retailers to their suppliers (Van Boxstael et al., 2013). In the United 
Kingdom, the British Retail Consortium (BRC) standard was developed in 1998 (British Retail 
Consortium, 2008). In 1999, the German retailers started with the development of a QA standard to 
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check their suppliers of private label products, the International Food Safety standard (IFS) 
(International Food Safety Standard, 2007). Although it was British or German initiative, other 
countries, particularly Belgium and the Netherlands, also wanted to use the QA standard. Some 
retailers in the Netherlands and Belgium demand an audit report of the suppliers of their private 
label products. 
  
Commission Regulation (EC) No. 2073/2005 on microbiological criteria for foodstuffs adds details to 
the general requirements of hygiene Regulation EC No. 852/2004 such as microbiological criteria. The 
use of microbiological criteria must form an integral part of the implementation of HACCP 
procedures and other hygiene control measures. There are two types of microbiological criteria, 
process hygiene criteria that indicate an appropriate function of the process and food safety criteria 
defining the acceptability of a product or a batch of foodstuff applicable to products placed on the 
market (Anonymous, 2005 and 2013b). 
Process hygiene criteria have been set for Escherichia coli in relation to precut ready-to-eat fruits and 
vegetables. Food business operators have to ensure that the foodstuff satisfy the process hygiene 
criteria in the supply, handling and processing of raw materials and foodstuffs under their control. 
Food safety criteria have been set for Listeria monocytogenes and Salmonella spp. Failure to meet 
the food safety criteria means that the product or batch of foodstuffs shall be withdrawn or recalled 
in accordance with Article 19 of Regulation (EC) No 178/2002. 
Table 1.8: Microbiological legislation of ready-to-eat vegetables and sprouted seeds  
Micro-organisms n4 c5 M M 
E. coli
1 
5 2 2 log CFU/g 3 log CFU/g 
Salmonella
2 
5 0 Absence/25 g Absence/25 g 
Listeria monocytogenes
3 
5 
5 
0 
0 
Absence/25g
6 
2 log CFU/g
7 
Shiga toxin producing E. coli (STEC) O157, O26, O111,  
O103, O145 and O104:H (only for sprouted seeds) 
5 0 Absence in 25g 
1Legislation for E. coli: EU regulation: process hygiene criteria category 2.5.1 Precut fruit and vegetables.  
2Legislation for Salmonella spp.: EU regulation 2073/2005: Food Safety category 1.19 Precut fruit and vegetables.  
3Legislation for Listeria monocytogenes: EU regulation 2073/2005: Food Safety category 1.2 en 1.3 (= Ready-to-eat foods). Products with pH 
≤ 4.4 or aw ≤ 0.92, products with pH ≤ 5.0 and aw ≤ 0.94, products with a shelf-life of less than five days shall be automatically considered 
to belong to this category. 
4n = amount of subsamples and 
5c = amount of subsamples with values > m or between m and M 
6 = before the food has left the immediate control of the food business operator, who has produced it 
7 = products placed on the market during their shelf-life 
C
py
rig
ht
Literature Review 
39 
 
1.7 Conclusion 
In recent years, an increasing amount of foodborne outbreaks were associated with fresh produce 
due to several factors such as complexity of the chain, increased export and import, etc. Of all 
produce, leafy greens were categorized as the highest priority in terms of fresh produce safety.  
Many factors were already identified as possible contamination sources such as irrigation or process 
water, the use of biosolids or not well composted manure for fertilization, poor worker hygiene, and 
poor equipment sanitation, etc. It is important to avoid contamination as pathogens are able to 
survive for extended periods in soil and lettuce. However, to guarantee the safety of fresh produce, 
farms or companies use Good Agricultural Practices (GAPs), Good Manufacturing Practices (GMPs) 
and Good Hygiene Practices (GHPs) that will help to control microbial, chemical and physical hazards 
in all stages of the production of fresh fruits and vegetables from primary production to packaging. 
Next to ‘good practices’, a certification system was developed for several quality assurance standards 
or guidelines such as GlobalGap, IKKB, etc. for primary production or BRC, IFS, etc. for processing. 
These (generic) guidelines or standards are designed to reassure consumers or retailers about how to 
produce and process safely on the farm/company. At present it is not clear to which extent these 
guidelines or prerequisite programs, also applied in Belgium, cover the risk factors for microbial 
contamination of leafy greens in production and processing. There is lack of baseline data on the 
current microbial situation through the production to consumption process in Belgium. The main risk 
factors are in need of an assessment to provide science based data to feed and underpin discussions 
on the (lack of) specific guidelines established for the fresh produce supply chain.  
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Chapter 2 Relationships among hygiene indicators and enteric 
pathogens in irrigation water, soil and lettuce and the impact 
of climatic conditions on contamination in the lettuce primary 
production  
2.1 Abstract 
Eight Belgian lettuce farms located in the West Flanders were sampled to establish the relationships 
between levels of indicator bacteria, detection of enteric zoonotic pathogens and the temperature 
and precipitation during primary production. Pathogenic bacteria (PCR EHEC positives, Salmonella 
spp. or Campylobacter spp.) and indicator bacteria (total psychrotrophic aerobic plate count (TPAC), 
total coliforms, E. coli, enterococci) were determined over a period of one and a half year from 
seedling leaves, peat-soil of the seedling, lettuce crops, field soil and irrigation water. No Salmonella 
spp. isolates nor PCR EHEC signals were detected from lettuce although one out of 92 field soil 
samples contained Salmonella spp. and five field soil samples provided PCR positives for EHEC 
virulence factors (vt1 or vt2 and eae gene). A prevalence of Campylobacter spp. (8/88) was noted in 
lettuce. It was shown that irrigation water is a major risk factor with regard to bacterial 
contamination of fresh produce as water samples showed on a regular basis E. coli presence (59.2% 
of samples > 0 log CFU/100 ml) and occasionally detection of pathogens (25%, n = 30/120), in 
particular Campylobacter spp. The highest correlations between indicator bacteria, pathogens, 
temperature and the amount of precipitation were observed for the water samples in contrast to the 
soil or lettuce samples where no correlations were observed. The high correlations between E. coli, 
total coliforms and enterococci in water implicated redundancy between analyses. Presence of 
elevated levels of E. coli increased the probability for the presence of pathogens (Campylobacter 
spp., EHEC and Salmonella spp.), but had a low to moderate predictive value on the actual presence 
of pathogens. The presence of pathogens and indicator bacteria in the water samples showed a 
seasonal effect as they tend to be more present during the months with higher temperature. C
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2.1 Introduction 
Fecal bacteria (including enteric pathogens) are in particular in wet conditions and clouded weather 
(limited UV irradiation) able to survive for extended periods in soil (Islam et al., 2004), manure 
(Forshell and Ekesbo, 1993; Kudva et al., 1998; Nicholson et al., 2005), and water (Chalmers et al., 
2000; Steele and Odumeru, 2004) and thereby provide potential inoculum for contamination of the 
fresh produce.  
Enteric diseases have a seasonal pattern, with the highest incidence of illness during the summer 
months (Amin, 2002; Barwick et al., 2000; Isaacs et al., 1998). Warmer ambient temperature may 
contribute to the increased incidence of enteric diseases (Fleury et al., 2006). Changes in 
temperature and precipitation can influence environmentally mediated pathogen transmission 
pathways, playing an important role in driving seasonality in these diseases (Lal et al., 2012; Liu et al., 
2013). 
Intensive precipitation may increase surface and subsurface runoff, which might be an intermediate 
contamination pathway of pathogens from manure at livestock farms and from grazing pastures 
(Donnison and Ross, 2009; Leopoldo et al., 2008; Parker et al., 2010). Rainfall is able to release fecal 
coliforms and a variety of pathogenic micro-organisms, which may be released into the environment 
in large numbers (Guber et al., 2006; Parker et al., 2010). Flooding or runoff can affect the microbial 
contamination of leafy vegetables through the spread of fecal waste onto the growing area, or 
through contaminated water. Fecal contamination of agricultural soils has been shown to increase 
after environmental flooding (Casteel et al., 2006). 
To determine the microbial quality and hygiene, in particular in the framework of verification of good 
agricultural practices in lettuce crop production, it is common practice to monitor the presence and 
levels of indicator bacteria such as total coliforms, enterococci and E. coli in irrigation water or E. coli 
in the lettuce crops from the field. These microbial parameters are often used to indicate insufficient 
sanitary quality or potential fecal pollution. In addition, having E. coli of fecal (human or animal) 
origin has also been established as an “index” or “marker” organism (Mossel, 1978, 1982) to provide 
evidence of an increased likelihood of potential contamination of food or water by ecologically 
closely related pathogens such as Gram negative enteric pathogens encompassing human pathogenic 
EHEC, Salmonella spp. and Campylobacter spp. The detection of pathogens is expensive, time 
consuming, and complex due to pathogen variability (Savichtcheva and Okabe, 2006). Consequently, 
pathogens are most of the time not directly monitored in plant production areas, well or borehole 
waters. However, the correlation and predictive value of these hygiene indicators for the presence of 
pathogens has not been thoroughly established or quantified. 
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In the present field study, pathogenic bacteria (PCR Enterohaemorrhagic (EHEC) positives (or 
Salmonella spp. or Campylobacter spp. isolates)) and indicator bacteria (total psychrotrophic aerobic 
plate count (TPAC), total coliforms, E. coli, enterococci) were determined in samples from the lettuce 
crops and primary production environment. Samples were taken from seedling leaves, peat-soil of 
the seedling, lettuce crop, field soil, and irrigation water and analyzed for this broad scope of 
microbiological parameters. In parallel also climatic parameters (i.e. temperature, precipitation) 
close to the crop production fields were collected. The objectives of the study were to (i) determine 
risk factors for lettuce contamination with pathogenic bacteria and (ii) to establish correlations 
between the type and the levels of indicator bacteria, the detection of enteric zoonotic pathogenic 
bacteria and the effect of temperature, precipitation and seasonality on the bacterial contamination 
during lettuce primary production. This was done in order to check the extent of the parameters in 
correlation to the presence of pathogens. 
2.2 Materials and Methods 
2.2.1 Selection of lettuce production farms 
Eight Belgian lettuce producing farms comprising four greenhouse farms and four open field farms, 
all located in West-Flanders’ region, were selected and agreed upon to take part in this study. All the 
farms were certified for the Belgian quality assurance standards Flandria and IKKB Standard (Integral 
Chain of Quality Management) (IKKB, 2010). Six farms were using open well water for irrigation and 
two farms used borehole water. All farms used overhead sprinklers for irrigation of crops. The 
dimensions of the farms ranged from one hectare up to 120 ha.  
2.2.2 Sampling plan 
The greenhouse farms having year-round production were each sampled during three lettuce crop 
production cycles distributed over the whole year. Because of temperate climate, the open field 
farms only had lettuce production going on from May to the end of September. In that restricted 
time period for each of the open field farms also three lettuce crop production cycles were 
monitored. This resulted in an accumulation of obtained results in the summer period. The complete 
study took place in two phases, the start-up with one crop cycle at open field farm in April-May 2011 
whereas the remainder of the open field and greenhouse farms was taken up from September 2011 
with the last sampling occurring (at a greenhouse farm) in December 2012. A production cycle is the 
time required to follow a lettuce crop from seedling, at the start, until its harvest and takes 
approximately 5 - 14 weeks depending upon the season. During a production cycle, 4 visits (and thus 
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sampling times) were included: at the start during the planting of the lettuce seedling, next two 
weeks before harvest, one week before harvest and at harvest of the lettuce crop (Figure 2.1). 
Samples were collected from seedling or lettuce crop, soil and irrigation water and if applicable (at 
harvest) from food handlers’ hands or crates. All the samples were stored and transported in the 
dark at < 4°C to the lab for further handling (cutting/pooling) and subsequent microbial analysis. 
Samples were analyzed within 4 to 24 h. 
2.2.3 Sampling of seedlings, soil, lettuce and irrigation water 
The first sampling time for a lettuce crop production cycle took place at the start during the planting 
of the lettuce seedling. Before planting, nine samples were taken from the potting peat-soil of the 
seedling (9 x + 300 g), the seedlings (9 x one seedling) itself and soil of the planting field (9 x + 300 g). 
During the next three sampling visits in the lettuce crop production cycle (two and one week before 
harvest and at harvest) sampling of lettuce crops (9 x 1 crop), planting field soil, and irrigation water 
(5 l) occurred. Upon each visit, nine crops of lettuce were cut by a sterile knife and put directly into a 
sterile bag using disinfected gloves. At harvest in addition, nine samples were also taken from the 
ready-to-market rinsed lettuce crops (Figure 2.1). 
For enumeration purposes, the nine peat-soil samples, planting field soil samples, and the nine 
lettuce crops were randomly pooled by three in the lab. The three crops were pooled as follows: 
each crop was cut in two, three halves were discarded, the remaining three halves were cut in pieces 
of 3 cm and the pieces were mixed thoroughly. The seedling samples were all nine pooled together 
due to the low mass of the seedlings. Next 10 g of each pooled sample was weighed in a stomacher 
bag and homogenized (for the lettuce and seedling by using a stomacher) for 1 min in 90 ml peptone 
physiological salt water (PPS) as a starting point for serial tenfold dilution in PPS and plating for 
enumeration of indicator organisms. This resulted in three enumerations of indicator organisms for 
the peat-soil, planting field soil and lettuce per sampling visit and one result for the seedlings. For 
detection of pathogens in the peat-soil of the seedlings, in the field soil and for the lettuce crops, all 
nine samples were joined to one sample resulting in a single detection result per visit per sample 
type. 25 g was taken from the pooled samples and put in a stomacher bag with the respective 
enrichment media. 
Water samples were collected during the lettuce crop production cycle. Samples were taken from 
the water source and if possible at the water tap (outlet of the irrigation sprinkling system to the 
crops). Rinsing water was collected as well when sampling during harvest.  
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Figure 2.1: Primary production sampling scheme (H-2w: two weeks before harvest, H-1w: one week before harvest, H: at harvest)
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Five liter samples were collected into sterile bottles according to ISO 19458:2006 (ISO, 2006b). The 
pH and temperature of the water were measured directly after sampling at the farm.  
2.2.4 Climatic parameters 
The climate parameters, accumulative precipitation and mean outside temperature of the week 
before sampling were collected from the Belgian Royal Meteorological Institute (RMI) automatic 
weather stations located closest to the lettuce production farm. The observations from the weather 
stations of Beitem (8.1 km from open field farm 7, 1.1 km for greenhouse 6), Gits (5.5 km from 
greenhouse 4, 2.7 km from greenhouse 1, 10 km from greenhouse 2), Izegem (7.7 km of farmer 5), 
Poperinge (5.7 km from open field farm 8) and Wingene (3.2 km from greenhouse 3) were used. 
2.2.5 Selection and methods of analysis for microbial parameters 
Depending on its relevance and its common use in the assessment of the microbial quality of lettuce, 
soil or water, various microbial parameters were selected (Table 2.1). Coliforms, E. coli, and 
enterococci were taken up as hygiene indicator organisms, coliforms and enterococci were only used 
for water analysis. The psychrotrophic (22°C) aerobic total plate count (TPAC) was determined to 
assess its functionality as an indicator and correlation to other indicator organisms. For lettuce crops 
(and seedlings) as well as for the irrigation water samples, the pathogens Salmonella spp., EHEC (i.e., 
E. coli strains possessing the vtx-coding genes vt1 or vt2 and the intimin-coding gene eae) and 
Campylobacter spp. were analyzed. For the soil, only Salmonella spp. and EHEC were included as 
pathogens in the analysis (Table 2.1). 
 
Solid samples: lettuce, soil and seedlings (leaves and peat-soil) 
For the enumeration of TPAC, the reference method ISO 4833:2003 was applied (ISO, 2003), with the 
exception that the plates were incubated at 22°C for five days instead of 30°C for three days. 
RAPID’E. coli 2/Agar (BioRad, France), a selective chromogenic medium incubated for 24 h at 44°C 
was used for the enumeration of E. coli (AFNOR, 2004). All indicator samples were plated in 
duplicate. 
Campylobacter spp. detection was based upon ISO 10272-1:2006 (ISO, 2006a). 25 g of lettuce was 
homogenized for 1 min in 225 ml of Bolton broth (Oxoid, UK) and incubated under microaerophilic 
conditions for 48 h at 41.5°C. The mCCDA plates (Oxoid, UK) incubated for 24-48 h at 41.5°C were 
used for the isolation of Campylobacter spp. Presumptive colonies were confirmed as Campylobacter 
spp. by catalase, oxidase test, and microscopy. 
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For the detection of Salmonella spp. and EHEC, 25 g of lettuce or soil was homogenized for 1 min in 
225 ml of buffered peptone water (BioRad, France) and incubated for 18 + 2 h at 37°C.  
During the start-up (one crop cycle at open field farm in the period April-May 2011), the Vidas Easy 
SLM Assay (BioMérieux, France) was used for the detection of Salmonella spp. (AFNOR, 2005). In 
case of a positive sample, ISO 6579:2002 (ISO, 2002) was used for further isolation of presumptive 
Salmonella spp. colonies and confirmation. VIDAS UP Assay (BioMérieux, France) was used for the 
detection of E. coli O157 (AFNOR, 2009). The enrichment broth of the positive samples was 
transferred to the Belgian national expert lab at the Department of Veterinary Public Health and 
Food Safety, Faculty of Veterinary Medicine, Ghent University (Merelbeke, Belgium) for isolation of 
presumptive EHEC colonies, confirmation of vt1 or vt2 and eae genes and if possible determining the 
serogroup of the EHEC colonies (O26, O103, O111, O145, O157) using the alternative culture method 
of Posse et al. (2008). 
 
Table 2.1: Description of the sampling plan (the sample types, sampling time and microbiological 
parameters) for each lettuce crop production unit under investigation (whether at open field farm or 
greenhouse) 
Description Samples Time 
Microbiological 
parameters 
Seedling peat-soil 9 samples  3 x 3 pooled Before planting TPACa, E. coli 
EHECb, Salmonella spp. 
Seedling’s leaves 9 samples  1 x 9 pooled Before planting TPACa, E. coli 
Soil 9 samples  3 x 3 pooled Before planting 
Harvest – 2 weeks 
Harvest – 1 week 
Harvest 
TPACa, E. coli 
EHECb, Salmonella spp. 
Lettuce crop 9 samples  3 x 3 pooled Harvest – 2 weeks 
Harvest – 1 week 
Harvest 
TPACa, E. coli 
EHECb, Salmonella spp., Campylobacter spp. 
Market-ready Lettuce 9 samples  3 x 3 pooled Harvest TPACa, E. coli 
EHECb, Salmonella spp, Campylobacter spp. 
Open well water or groundwater 
and 
Sprinkler Water 
(if possible) 
5 l Harvest – 2 weeks 
Harvest – 1 week 
Harvest 
TPACa, E. coli, coliforms, enterococci 
EHECb, Salmonella spp., Campylobacter spp. 
Rinsing water 
(at harvest wash) 
5 l 
At Harvest TPACa, E. coli, coliforms, enterococci 
EHECb, Salmonella spp., Campylobacter spp. 
aTPAC: Total psychrotrophic aerobic plate count 
bEHEC: PCR EHEC positive signal: positive signals for vtx-coding genes vt1 or vt2 and the intimin-
coding gene eae 
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From September 2011, after the non-selective pre-enrichment the validated method of GeneDisc® 
Rapid Microbiology System (Pall Cooperation, USA) was used to screen for positive samples of 
Salmonella spp. and EHEC. In agreement with the Pall company (Washington, USA), dedicated 
GeneDisc® plates were made for the purpose of this study to screen in parallel for specific gene 
sequences of human pathogenic verotoxin producing E. coli virulence factors (vt1, vt2, eae) and 
Salmonella spp. specific gene iroB while also including inhibition control and negative control. Except 
for Salmonella spp. target genes used were similar as those included in the commercially available 
GeneDisc® plates (Beutin et al., 2009). If the GeneDisc® mulitiplex PCR provided a positive PCR signal 
for Salmonella spp., ISO 6579:2002 (ISO, 2002) was used for further isolation of presumptive 
Salmonella spp. colonies and confirmation. Only culture confirmed samples were recorded and taken 
up as Salmonella spp. positive samples for further statistical analysis in this chapter.  
In case of a positive PCR EHEC signal (defined as E. coli strains possessing the vtx-coding genes vt1 or 
vt2 and the intimin-coding gene eae) a protocol involving CHROMagar™ (CHROMagar™, USA) 
(Hirvonen et al., 2012; Tzschoppe et al., 2012) was taken up in the attempt to isolate the EHEC 
presumptive colonies, confirm and allocate serotype to the EHEC isolates as recommended by ISO TS 
13136 (ISO, 2012). For the isolation protocol, the 18h incubated buffered peptone water enrichment 
broth was plated by means of a 4x4 streaking on CHROMagar™ and five presumptive EHEC isolates 
(mauve colonies) for each enrichment broth were picked, purified on Tryptic Soy Agar and identified 
by BBL™ Crystal™ Identification Systems (BD, USA) for E. coli. The suspected colonies were 
transferred to the Belgian national expert lab at the Department of Veterinary Public Health and 
Food Safety, Faculty of Veterinary Medicine, Ghent University (Merelbeke, Belgium) to confirm the 
presence of vt1 or vt2 and eae genes and for further isolation and confirmation of the serogroup of 
the EHEC (O26, O103, O111, O145, O157) colonies using the method of (Posse et al., 2008).  
There is no single marker or a combination of markers that fully define a pathogenic EHEC strain. 
Strains positive for verocytotoxin 2 gene (vtx2) and eae (intimin production) genes are associated 
with higher risk of more severe illness than other virulence gene combinations (EFSA, 2013b). In the 
thesis, the option was taken to consider all positive GeneDisc® PCR EHEC samples (positive signals for 
the vtx-coding genes vt1 or vt2 and the intimin-coding gene eae) as pathogen positive samples for 
further statistical analysis (also if no EHEC colonies were isolated).  
 
Water samples 
The colony count of the cultivable micro-organisms in water was performed according to ISO 
6222:1999 (i.e. plating of 1 ml samples on PCA and incubation for 72 h at 22°C) (ISO, 1999). The 
enumeration of E. coli and coliform bacteria was performed according to ISO 9308-1 (i.e., membrane 
C
py
r g
ht
Relationship among hygiene indicators, enteric pathogens and climatic conditions 
 
51 
 
filtration of 100 ml) with the exception that the tergitol 7 medium was replaced by Rapid’E. coli 2 
chromogenic media (BioRad, France) (ISO, 2000a) to provide more convenient and reliable 
enumeration in particular in the highly bacterial contaminated surface waters. Enterococci were 
enumerated (i.e. membrane filtration of 100 ml) according to ISO 7899-2 (ISO, 2000b) using a 44 h 
incubation of filters at 36°C on Slanetz and Bartley medium (Oxoid, UK), followed by the transfer of 
filters for another 2 h incubation at 44 °C on bile-aesculine-azide agar (Sigma, US).  
For pathogen detection in the water samples, two times one liter of irrigation water (from the well or 
taken at the tap) was filtered (i.e. membrane filtration, 0.45µm). The filters of the first liter filtration 
were incubated in 100 ml buffered peptone water for 18 + 2 h at 37°C as a prior enrichment for 
GeneDisc® PCR detection of EHEC and Salmonella spp. Attempted culture confirmation of samples 
was analogous as mentioned above for the soil and lettuce samples. From the second liter filtration, 
the filter(s) were incubated in 100 ml Bolton broth at 41.5 + 1°C for 48 + 4 h under microaerophilic 
conditions as a prior enrichment step to detect Campylobacter spp. based upon ISO 10272-1 (2006a) 
by isolation on mCCDA as mentioned above (ISO, 2005).  
2.2.6 Data processing and statistical methods 
Many of the E. coli enumerations for lettuce, soil or water were expected and were indeed shown to 
be negative, i.e. values below the detection limit (0.7 log CFU/g or 0 log CFU/100 ml respectively). For 
some parts of the statistical analysis the E. coli data were transferred into classes (Table 2.2), while 
for other parts (e.g. determining the difference between the raw data of the E. coli and the presence 
of pathogens) the results with values below the detection limit were allocated at a value of 0.7 log 
CFU/g or 0 log CFU/100 ml. 
 
Table 2.2: E. coli classes defined for grouping of E. coli results for soil, lettuce and irrigation water 
E. coli class Soil and lettuce (log CFU/g) Water (log CFU/100 ml) 
Class 1 < 0.7 log (undetected) < 0 (undetected) 
Class 2 ≥ 0.7 and < 2 ≥ 0 and < 1 
Class 3 ≥ 2 and < 3 ≥ 1 and < 2 
Class 4 ≥ 3 ≥ 2 
 
For the median, minimum, and maximum calculations, only samples with numbers above the 
detection limit were included in the analysis. The outside temperature and precipitation used in 
y i
gh
t
Chapter 2 
52 
 
statistical analysis are the mean temperature and accumulative precipitation calculated from the 
daily data of temperature, and precipitation collected from the nearest RMI weather station during 
the seven days prior to and including the sampling day at the farm. 
IBM SPSS statistics 20 and Microsoft Excel were used for statistical analysis. Spearman rank order 
correlation coefficients (rs) were calculated among densities of indicator bacteria in soil and lettuce 
samples, weekly mean outside temperature and accumulated precipitation. For the irrigation water 
samples, additionally pH and temperature were measured of the irrigation water during sampling 
and included to calculate the correlations. Binary logistic regression was employed to determine 
probability of pathogen occurrence. From indicator bacteria and climatic parameters, odds ratio, and 
Nagelkerke R square were displayed. Pathogen occurrence included the presence of any pathogen 
including the presence of either alone or together in the sample of Salmonella spp. or Campylobacter 
spp. isolates or positive GeneDisc® PCR EHEC samples. Significant difference between E. coli classes 
and the presence or absence of pathogens were determined using Kendall’s Tau-c test. The 
Kolmogorov- Smirnov test and Levene’s test were used to assess normality and equality of variance 
(P ≥ 0.05) respectively. If normality or equality of variance could not be assumed, Mann Whitney U 
test was used to determine the difference between the raw data of the indicators, climate 
parameters and the presence of pathogens (P < 0.05). For the comparison of E. coli prevalence per 
production system and per sample type, Chi square or Fishers exact test was used in case one group 
that contained less than 5 samples (P < 0.05). 
2.3 Results  
2.3.1 Prevalence of pathogens and hygiene indicator bacteria in lettuce primary 
production 
Pathogenic bacteria (PCR EHEC positives, Salmonella spp. or Campylobacter spp. isolates) and 
indicator bacteria (TPAC, total coliforms, E. coli, enterococci) were determined from various sampling 
locations in eight lettuce primary production farms in West Flanders, Belgium. From April 2011 to 
December 2012, 740 samples were collected encompassing 23 samples of seedlings, 57 samples of 
peat-soil, 264 lettuce crop samples, 276 field soil samples, and 120 irrigation water samples (Table 
2.3).  
Neither Salmonella spp. isolates nor PCR EHEC signals (positive signals for the vtx-coding genes vt1 or 
vt2 and the intimin-coding gene eae) were detected on lettuce. One soil sample (1/92) contained 
Salmonella spp. and five soil samples provided PCR positives for EHEC virulence factors (Table 2.4).  
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Table 2.3: Prevalence of hygiene indicators and pathogens in lettuce primary production  
 
N   median Minimum Maximum 
lettuce 
264 TPACa 100 %b 6.2 5.0 8.5 
264 E. coli 5 %b 1.0 0.7 2.0 
88 Pathogens 9 %c    
seedling 
23 TPACa 100 % b 6.0 4.6 6.9 
23 E. coli 4 %b 0.7 0.7 0.7 
soil 
seedling 
57 TPACa 100 % b 8.0 6.1 9.3 
57 E. coli 4 %b 2.1 0.7 3.9 
23 Pathogens 0%c    
soil 
276 TPACa 100 % b 7.1 6.0 8.9 
276 E. coli 37 %b 1.2 0.7 3.2 
92 Pathogens 7%c    
water 
120 TPACa 100 % b 5.5 2.3 7.8 
120 E. coli 59 %b 1.5 0.0 3.6 
120 coliforms 30 %b 1.7 0.0 4.1 
120 enterococci 37 %b 1.6 0.0 3.6 
120 Pathogens 28 %c    
Indicators, in log CFU/g or log CFU/100 ml, pathogens, presence per 25 g or per one liter 
For the median, minimum and maximum calculations, only samples with numbers higher than the 
detection limit were included in the analysis 
aTPAC: Total psychrotrophic aerobic plate count 
bproportion of samples with E. coli or TPAC > detection limit (LOD), LOD for E. coli > 0.7 log CFU /g or 
> 0 log CFU /100 ml, coliforms > 0 log CFU /100 ml, enterococci > 0 log CFU /100 ml) 
cproportion of pathogens’ positive samples (Salmonella spp., PCR EHEC positives or Campylobacter 
spp.) 
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Table 2.4: Prevalence of pathogens in lettuce primary production 
Amount of 
samples 
(n)a 
Sample 
Type 
E. coli 
class 
E. coli count (log 
CFU/g or log 
CFU/100 ml) 
Pathogen 
PCR 
screeningb 
Confirmed 
by culture 
Serotype 
1 Soil 2 1.4c** EHEC vt2, eae YES O157 
1 Soil 2 1.0+0c* EHEC vt2, eae NO  
1 Soil 2 1.0c** EHEC vt1, vt2, eae YES 
O103, 
O157 
1 Soil 2 1.0c** EHEC vt1, eae YES O26 
1 Soil 2 1.5+0.7c EHEC vt1, eae NO  
1 Water 4 3.6 EHEC vt1, eae NO 
 
1 Water 4 2.6 EHEC vt1, eae YES O111 
1 Water 4 2.0 EHEC vt1, eae YES O26 
1 Water 3 1.6 EHEC vt1, vt2, eae NO  
1 Water 3 1.0 EHEC vt1, eae NO  
1 Water 1 < 0 EHEC vt1, vt2, eae NO  
1 Soil 1 < 0.7 Salmonella spp.    
1 Water 3 1.0 Salmonella spp.    
7 Water 4 2.6+0.4d Campylobacter spp.    
15 Water 3 1.4+0.3d Campylobacter spp.    
2 Water 2 0.6+0.4d Campylobacter spp.    
3 Water 1 < 0d Campylobacter spp.    
2 Lettuce 2 0.8+0.1d Campylobacter spp.    
6 Lettuce 1 < 0.7d Campylobacter spp.    
anumber of samples in the respectively E. coli class showing presence of PCR EHEC positives, 
Salmonella spp., Campylobacter spp. 
bPCR screening with Genedisc or method of Posse et al. (2008) 
cmean E. coli count + standard deviation of the individual three soil samples (pooled together for PCR 
EHEC detection). Only the samples with E. coli levels higher than the detection limit were used in the 
calculations 
*1/3 samples below detection limit (< 0.7 log CFU/g), **2/3 samples below detection limit (< 0.7 log 
CFU/g) 
dmean E. coli count + standard deviation of samples in the respective class for Campylobacter spp. 
 
However, in only three of these five soil samples isolation of EHEC cultures succeeded. In the three 
samples, four isolates were confirmed as respectively E. coli O157 (vt2, eae positive), E. coli O103 
(vt1, eae), and one sample which contained two serotypes, namely E. coli O157 (vt1, vt2, eae) and E. 
coli O26 (vt1, eae) (Table 2.4). A prevalence of Campylobacter spp. (9%, n = 8/88) was noted in 
lettuce. From the eight samples, only two samples were positive for Campylobacter spp. at harvest.  
Several pathogens were detected in water, in particular Campylobacter spp. (22.5%, n = 23/120) but 
also in some occasions PCR EHEC signals (5.0%, n = 6/120) and in another water sample Salmonella 
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spp. was isolated. Of the six PCR EHEC signals in water, only in two water samples EHEC could be 
isolated, E. coli O26 (vt1, eae) and E. coli O111 (vt1, eae) (Table 2. 4).  
 
Samples containing numerable E. coli (> 0.7 log CFU/g or > 0 log CFU/100ml) were significantly more 
present in environmental samples (soil and water) compared to product samples (lettuce crops and 
seedlings) (P < 0.05). Of the environmental samples, the peat-soil of the seedling had the highest 
prevalence of numerable E. coli (96.5%) (> 0.7 log CFU/g or > 0 log CFU/100ml) while E. coli was 
numerable in only 37% of field soil samples and 57.8% of irrigation water samples. The lowest 
prevalence of E. coli number exceeding the detection level of 0.7 log CFU/g was found for product 
samples (5% in lettuce crops and 4% in the seedlings ) (Table 2.3).  
2.3.2 Correlation between the various hygiene indicator bacteria and enteric 
bacterial pathogens 
Spearman rank correlation was conducted using all non-categorical microbial data gathered during 
the survey.  
In the case all sample types (soil, lettuce, and water) were grouped together, a significant (P < 0.05) 
but moderate to low correlation between E. coli and TPAC (0.355) was found. Stronger correlations 
were observed for the subset of the irrigation water samples. In that case, all four indicator 
organisms (E. coli, coliforms, enterococci and TPAC) were significantly correlated with each other (P < 
0.05 for all) with the strongest correlations observed between E. coli and coliforms (0.918), between 
E. coli and enterococci (0.846) and between coliforms and enterococci (0.748), followed by moderate 
relationships between TPAC and E. coli (0.437), coliforms (0.447) and enterococci (0.470) (Table 2.5). 
For the irrigation water samples alone, the presence of pathogens was significantly correlated with 
the E. coli class (Kendall’s Tau c, P < 0.001) (Figure 2.3c). This is not the case for the subset of solid 
(soil or produce) samples, although still more pathogens were present in class 2 compared to class 1 
(Figure 2.2a, 2.2b). When the raw data of enumeration of E. coli and TPAC were analysed for soil and 
produce samples, no significant difference was found for the two parameters between the absence 
or presence of pathogens (Mann-Whitney U test, P < 0.05) (Figure 2.2d, 2.2e).  Co
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Table 2.5: Spearman’s Rho correlation coefficients between water samples for the combinations which showed significant correlations (P < 0.05) 
Water Samples E. coli coliforms Enterococci TPAC Toutside Twater pHwater precipitation 
E. coli 
Coefficient 
 
0.92 0.85 0.44 0.39 0.51 
 
0.25 
Nb 
 
120 120 120 120 116 
 
120 
coliforms 
Coefficient 0.92 
 
0.78 0.45 0.30 0.44 0.28 0.29 
Nb 120 
 
120 120 120 116 105 120 
Enterococci 
Coefficient 0.85 0.78 
 
0.47 0.29 0.42 0.27 0.28 
Nb 120 120 
 
120 120 116 105 120 
TPAC 
Coefficient 0.44 0.45 0.47 
 
0.25 0.36 
  
Nb 120 120 120 
 
120 116 
  
Toutside 
Coefficient 0.38 0.30 0.29 0.25 
 
0.68 
  
Nb 118 120 120 120 
 
116 
  
Twater 
Coefficient 0.51 0.44 0.42 0.36 0.68 
   
Nb 116 116 116 116 116 
   
pHwater 
Coefficient 
 
0.28 0.27 
     
Nb 
 
105 105 
     
precipitation 
Coefficient 0.25 0.29 0.28      
Nb 120 120 120      
aTPAC: Total psychrotrophic aerobic plate count  
bN: amount of samples 
The outside temperature and precipitation included are the mean temperature and accumulative precipitation calculated from the daily data of 
temperature and precipitation collected from the nearest RMI weather station during the seven days prior to and including the sampling day at the farm. 
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*significant difference (P < 0.05) 
Figure 2.2: Pathogen detection based on the class of E. coli bacteria (F2.1a, 2.1b, 2.1c). Detection is quantified in terms of percentage of the total number of samples in 
the corresponding class for the different samples (Kendall’s Tau-c test performed to indicate significant difference). For example, Figure 2.2b, of the 78 samples in class 
1, 6 samples contained a pathogen which is 7.7 % of the samples. a: Soil (field soil + peat-soil) (P > 0.05), 2.1b, produce (lettuce + seedling) (P > 0.05) and 2.2c: irrigation 
water samples (P < 0.05). Bars represent the 95 % confidence interval. The mean value of the E. coli enumeration in the subset of samples with either absence or 
presence of pathogens is shown in 2.2d for Soil (soil + peat soil), 2.1e for produce (lettuce + seedling) and 2.2f for the irrigation water samples. Mann-Whitney U test 
performed to indicate significant difference (P < 0.05). Bars represent the standard deviation.
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In contrast, E. coli, coliforms, enterococci, and TPAC were significantly higher when pathogens were 
present in the water (Mann-Whitney U test, P < 0.05) (Figure 2.2f). These findings were 
complemented by the binary logistic regression results (odds ratios) between pathogen and indicator 
bacteria suggesting generally weak but significant associations between the different indicators E. 
coli, coliforms, and enterococci and pathogens (Table 2.6).  
 
Table 2.6: Binary logistic regression between pathogens and indicators E. coli, coliforms, Enterococci and 
TPAC and between the parameters Toutside and Twater (only significant results (P < 0.05) are shown) 
Irrigation water 
samples 
All pathogens Campylobacter spp. 
 Nagelkerke’s r² Odds ratio Nagelkerke’s r² Odds ratio 
E. coli 0.164 2.169 0.120 1.931 
coliforms 0.140 1.885 0.103 1.719 
Enterococci 0.150 2.213 0.125 2.070 
TPAC  0.045* 1.456* 0.066 1.615 
Toutside 0.086 1.141 0.100 1.159 
Twater 0.123 1.158 0.135 1.172 
*not significant (P > 0.05) 
2.3.3 Correlation between microbial parameters and climatic conditions 
(outside temperature, precipitation) and temperature and pH of the 
irrigation water 
There were no significant correlations between E. coli numeration (raw data used) in soil samples 
and the accumulative precipitation and the outside temperature of the last week before sampling. 
However, for the soil samples (36.6% of samples) containing numerable E. coli levels, it was noted 
that the outside temperature was significantly higher than the observed outside temperature in the 
subset of soil samples showing absence of numerable E. coli (Mann-Whitney U test, P < 0.05). In 
contrast, pathogens in soil were detected in a period when lower outside temperature and lower 
precipitation occurred (Figure 2.3a).  
A significant but very low correlation of 0.12 and 0.19 was observed between the raw E. coli 
enumeration data of the lettuce samples and respectively the outside temperature and the 
accumulative precipitation (Spearman rank, P < 0.05). No significant difference in temperature and 
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precipitation was observed between the subset of lettuce samples (5.7 % of samples) with presence 
of numerable E. coli (> 0.7 log CFU/g) and the samples showing absence of numerable E. coli (Mann-
Whitney U test, P > 0.05). A higher (not significant) outside temperature (14.4°C ↔ 17.3°C) and 
precipitation (11.6 mm ↔ 15.3 mm) were noted when pathogens were detected in the lettuce 
samples compared to the ones without pathogens (Mann-Whitney U test, P > 0.05) (Figure 2.3b). 
For the water samples, the indicators (E. coli, coliforms and enterococci) showed moderate 
significant correlations with the mean outside temperature of the last week before harvest (between 
0.3 and 0.4), but lower correlations with the accumulative precipitation (between 0.25 and 0.28) 
(Table 2.5). There was also a significantly higher outside temperature (13.4°C ↔ 15.7°C) when 
pathogens were present (Mann-Whitney U test, P < 0.05) (Figure 2.3c). This is confirmed by binary 
logistics, as the outside temperature showed a weak but significant odds ratio of approximately 1.2 
for the water samples (Table 2.6).  
Concerning the water parameters, the water samples showed moderate correlations between the 
water temperature and the microbial indicators E. coli (0.512), coliforms (0.437), enterococci (0.421) 
and TPAC (0.358) (Table 2.5). There was also a significantly higher water temperature (13.9°C ↔ 
17.0°C) when pathogens were present (Mann-Whitney U test, P < 0.05) (Figure 2.3c). This was 
confirmed by the odds ratio of 1.2 (Table 2.6).  
The pH showed only significant correlations to coliforms and enterococci (+ 0.28) and was 
approximately the same (pH 7.4) if pathogens were present compared to the absence of pathogens. 
 
During the year-around survey also a seasonal effect was established. E. coli was present in the soil in 
10/12 months. Of these ten months also during four months (July, September, October and 
December), E. coli was present in numerable levels in the lettuce crop (Figure 2.4a). However, these 
months did not cluster in a particular season of the year. It is noteworthy that the irrigation water 
samples showed the highest concentrations of E. coli, coliforms and enterococci from May to 
September whereas in the months of March and April, the first two months of spring season lower 
levels of E. coli were found in the irrigation water (Figure 2.4b).  
Pathogens were only detected in samples taken in the time period from May to November (Figure 
2.3d). This corresponds with a higher outside temperature as the temperature during sampling was 
the highest (from 13.7°C in May to a maximum of 19°C in August and 11.7°C in November) in those 
months (Figure 2.4e). The presence of pathogens in these months was mostly attributed to the 
detection of Campylobacter spp. in irrigation water samples (Figure 2.4e). The prevalence of 
Campylobacter spp. in water ranged from 1/9 samples in November up to 2/3 samples in month June 
(Figure 2.4d).  
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a 
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c 
 
* significant difference, P < 0.05 
Figure 2.3: The potential impact of the climatic parameters (Toutside, precipitation) and the Twater, and pHwater 
on the presence or absence of pathogens in the various sample types of lettuce primary production. a: soil 
(field soil), b: lettuce and c: irrigation water samples. Mann-Whitney U test performed to indicate significant 
difference (P < 0.05). Bars are 95 % confidence interval.  
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e 
 
f 
 
The outside temperature and precipitation included is the mean temperature and accumulative precipitation calculated from the daily data of temperature 
and precipitation collected from the nearest RMI weather station during the seven days prior to and including the sampling day at the farm. 
 
 
Figure 2.4: Seasonality of presence of indicator organisms and pathogen detection in the various sample types in lettuce primary production and characteristics of 
climatic conditions in function of the month throughout the sampling season. a: E. coli presence (% > 5 CFU/g) in soil (n = 276) and lettuce samples (n = 264), b: E. coli, 
coliform and enterococci enumeration in irrigation water samples (n = 120); c: Pathogens’ presence in soil (n = 92) and lettuce samples (n = 88), % presence per 25 g of 
sample; d: Pathogens’ presence in water samples (n = 120), % presence in 1 liter sample; e: Outside temperature (n = 660); and f: Precipitation (n = 660). Bars are the 95 
% confidence intervals and n = the amount of samples. 
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2.4 Discussion 
2.4.1 The prevalence of pathogens in lettuce primary production 
The prevalence of Campylobacter spp. on the lettuce (9 %) was quite similar to Park and Sanders 
(1992), who detected Campylobacter spp. in lettuce (3.1%), radish (2.7%), green onions (2.5%), and 
parsley (2.4%) from samples collected at farms in Canada. Bohaychuk et al. (2009) found no 
Campylobacter spp. in more than 600 vegetable samples from farmer markets in Canada including 
128 lettuce samples. In the Netherlands only 13 of 5640 (0.2%) vegetable and fruit samples sampled 
at retail (fresh-cut or crops) were positive for Campylobacter spp. (Verhoeff-Bakkenes et al., 2011).  
Salmonella spp. and EHEC were absent on the lettuce samples (n = 0/88; CI 0 – 4,2 %) which is in 
agreement with other studies (e.g. Johannessen et al., 2002; Loncarevic et al; 2005; Oliveira et al., 
2010; Bohaychuk et al., 2009). From the 2011 European Union Summary Report on Trends and 
Sources of Zoonoses EU reported by EFSA (2013c), it was noted that no positive Salmonella spp. 
samples were detected in 1606 samples of fresh-cut fruit or vegetable samples and no VTEC in a total 
of 2887 samples of fresh-cut or none-cut vegetable samples. However, studies executed in Spain 
found Salmonella spp. (1.7% (n = 236)) in minimally processed fresh-cut vegetables (Abadias et al., 
2008). 
EFSA (2013a) ranked Salmonella spp. and leafy vegetables eaten raw as the highest concern in a list 
of various pathogen-commodity combinations based on reported foodborne outbreaks in EU and the 
ability for growth, consumption etc. Also in a FAO report on leafy greens, Salmonella spp. was 
mentioned as the most important pathogen (FAO, 2008). However, the present sampling scheme is 
too limited to make conclusions on the absence of any potential pathogen on the lettuce in particular 
for pathogens characterized by low prevalence (< 0.1 to 1%) such as Salmonella spp. and EHEC in 
fresh produce.  
The proportion of samples with numerable E. coli on the seedling and lettuce crops (5%) was slightly 
lower compared to findings of other studies conducted in developed countries. Bohaychuk et al. 
(2009) found numerable E. coli in 18% of the 128 lettuce samples sampled from the farmer markets 
in Canada. Loncarevic et al. (2005) enumerated E. coli in 9% of the lettuce samples (16/179) obtained 
from an organic farm in Norway and E. coli was detected in 22.5% of the organic lettuce samples and 
in 9% of the conventional lettuce samples sampled from farmers in Spain (Oliveira et al., 2010).  
Overall the prevalence of E. coli in the irrigation water source was high (75% > 0 log CFU/100 ml) and 
on some occasions elevated levels of E. coli were detected (65 % > 1 log CFU /100 ml and 26% > 2 log 
CFU /100 ml). A lower prevalence of E. coli was observed for the irrigation tap and rinse water  
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(38% > 0 log CFU /100 ml). Furthermore, 35% of the water sources showed to be positive for at least 
one pathogen (Salmonella spp., Campylobacter spp. isolates or PCR EHEC signals). 
In total 6 out of 8 farms used open wells to stock irrigation water and they claimed that the open 
well water contained only collected rainfall water and no surface water. Upon collection, the rainfall 
water is assumed to be low in microbiological contamination but the bacterial load may increase 
during runoff along roof or soil surfaces and during the storage in the open well (Helmreich and 
Horn, 2009; Schets et al., 2010). Microbial contamination may originate from fecal contamination by 
birds and mammals that have access to catchment areas or water storage (Sazakli et al., 2007).  
The prevalence of Campylobacter spp. (30.9%) or E. coli (75%) in the irrigation water source in the 
study was high. Comparable results were found in collected rainwater in Denmark. Albrechtsen 
(2002) found a prevalence of 79 % and 12 % respectively for E. coli and Campylobacter spp. Also in 
Australia, 25 % of the samples were found positive for Campylobacter spp. and 60 % for E. coli 
(Ahmed et al., 2008; Ahmed et al., 2010). Similar Campylobacter spp. levels were observed in 
collected rainwater in New Zealand (37 %) (Savill et al., 2001) and in the Netherlands (27 %) (Schets 
et al.; 2010). The Campylobacter spp. levels were also comparable to surface water studies (Wilkes et 
al., 2009; Brennhovd et al., 1992; Arvanitidou et al., 1995; Horman et al., 2004). In contrast, 
Economou et al. (2012) found no Campylobacter spp. in Greek surface water, although the water 
source was located in an area characterized by high agricultural and livestock activity such as cattle 
and poultry farms.  
The presence of Salmonella spp. (1 out of 68 samples; 1.4%) in the irrigation water source was very 
low compared to the presence of Campylobacter spp. and compared to other publications. In 
Australia, a prevalence of Salmonella spp. of more than 16 % was found in collected rainwater and a 
prevalence of approximately 10 % in surface water in Greece and Canada was noted (Economou et 
al., 2012; Wilkes et al., 2009). In a South Africa study, Ijabadeniyi, et al. (2011) found Salmonella spp. 
in the irrigation river water and on the lettuce. 
Prevalence of EHEC (6 out of 68 samples; 9 %) (six EHEC PCR positive samples resulting in two 
confirmed isolates: E. coli O26 and E. coli O111) was difficult to compare to other literature reports 
as in most cases only E. coli O157 was analyzed and other methodologies were used (PCR detection 
compared to isolation). Nevertheless, E. coli O157 was detected (4 out of 144 samples) in private 
water supplies (supposed to be drinking water) in the Netherlands (Schets et al., 2005). River water 
containing vt2 genes used for irrigation was a possible source for an outbreak of E. coli O157 in 
Sweden involving iceberg lettuce (Soderstrom et al., 2008) and a spinach outbreak in the USA (Jay et 
al., 2007). The irrigation water was most likely contaminated by upstream cattle grazing.  
Water showed to be a risk factor for introduction of pathogens in the primary production of lettuce 
as pathogens were found in 25% of all water samples (open well (21/51), groundwater (3/17), 
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sprinkler tap water (2/41), and rinsing water at harvest (4/11). In Belgium (and all farms included in 
the study) overhead irrigation with a sprinkler system is used. This is generally known as the 
irrigation method with the highest risk for contamination as the water is applied on top of the edible 
part of the lettuce crops (Hamilton et al., 2006; Song et al., 2006). Pathogenic bacteria can be 
reduced between irrigation and harvest due to UV radiation, drying, or competition with commensal 
microbiota (Brandl and Amundson, 2008; Ottoson et al., 2011). Increasing the interval from the time 
of contamination to the point of harvest significantly decreased the likelihood that the pathogen 
would be present in the harvested product (Fonseca et al., 2011; Moyne et al., 2011). 
 
However, the summer of 2012 was characterized by quite some rainfall (Figure 2.3f) on a regular 
basis. This resulted in a low need for irrigation of lettuce crops during open field production and as a 
consequence only restricted potential for transfer of bacterial contamination from the water source 
to the crop through direct contact via sprinkler irrigation. However, in greenhouse production there 
is a continuous need for irrigation and thus contact of water with crop leaves. It could be noted that 
in greenhouses the irrigation water is regularly vaporized minimizing or excluding splashing in 
contrast to rainfall or open field sprinkler irrigation which is showing a more intensive impact of 
water droplets on the lettuce (and surrounding soil). Nevertheless, not only sprinkler irrigation but 
also natural rainfall events - depending upon the density - enhances the risk of splashing manure and 
soil particles to the lettuce (Cevallos-Cevallos et al., 2012;Liu et al., 2013). Still, the occurrence of 
elevated E. coli levels numerated on the lettuce was low (5%) (1 out of 264 samples > 2 log CFU/g, 14 
out of 264 samples > 0.7 log CFU/g). This might also be influenced by the sampling method in the 
PhD. Sampling was performed using pooled samples of cut halves of lettuce crops whereas the 
sampling of e.g. outer leaves only may be more vulnerable to finding elevated levels of E. coli. To the 
knowledge of the authors, hitherto, no harmonized protocol or ISO or CEN guidelines for sampling of 
lettuce crops is present.  
2.4.2 Correlation between microbial indicators and pathogens 
The correlation between the different indicators E. coli, enterococci and coliforms for the water 
(ranging from 0.79 to 0.92) was slightly higher compared to the correlation of approximately 0.75 
observed by Wilkes et al. (2009). Economou et al. (2012) found lower correlations between E. coli 
and total coliforms (0.54). The correlation between TPAC and the other indicators was low compared 
to the correlation between E. coli, enterococci and total coliforms. These results confirmed other 
publications who demonstrated that TPAC is not a good indicator of overall sanitary quality and fecal 
contamination during production for both environmental samples and lettuce samples (Economou et 
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al., 2012; Ijabadeniyi, et al. 2011). The high correlation (between 0.79 and 0.92) between E. coli, total 
coliforms and enterococci in the irrigation water indicated that it was not necessary to enumerate all 
hygiene indicators as they were strongly correlated to each other. E. coli is preferable as indicator of 
unsanitary conditions in comparison to coliforms due to its fecal origin.  
Most publications found weak or no correlations in water between different pathogens and hygiene 
indicator bacteria. Wilkes et al. (2009) found slightly lower odds ratios for the pathogens (between 
1.4 and 1.7) compared to the present study (between 1.9 and 2.2) indicating a higher probability for 
pathogens if higher levels of E. coli, enterococci and coliforms were present. Significant correlations 
have not been found in New Zealand river water between Campylobacter spp. and E. coli (Savill et al., 
2001) and between E. coli and Salmonella spp. in Greece (Economou et al., 2012). Vereen et al. 
(2007) on the other hand found a correlation of 0.35 in surface water in the USA between fecal 
coliform and Campylobacter spp.  
Microbial indicators of fecal contamination do not necessarily reflect the input of enteric pathogens. 
However, some predictive value has been reported especially in water between the fecal indicators 
and pathogens (Harwood et al., 2005; Schets et al., 2005; Wilkes et al., 2009). Variations in pathogen 
input (i.e., prevalence in population), dilution, retention, and die-off result in conditions where 
correlations between any pathogen and any indicator are random, site-specific, or time-specific 
(Payment and Locas, 2011). As a result, there is clearly no indicator that may be suitable for all 
pathogens for all environmental scenarios (Harwood et al., 2005; Yates, 2007). However, the 
probability of detection of any pathogen is high at high levels of indicators (Savichtcheva and Okabe, 
2006). 
2.4.3 Correlation between microbial parameters and climatic parameters 
The highest levels of E. coli and the highest prevalence of pathogens in the water were observed in 
the time of the year when the outside temperature and water temperature were the highest 
(between May and October). This was in agreement with other publications, which noted a positive 
association between temperature and bacterial indicator levels in the water (Isobe et al., 2004; 
Shehane et al., 2005). Many studies have demonstrated these positive associations between 
temperature and foodborne illness (Checkley et al., 2000; Singh et al., 2001). In the UK, a correlation 
was found between gastrointestinal disease and the temperature in the month preceding the illness 
(Bentham and Langford, 2001). Another study in Australia found a positive association between 
temperature in the previous month and the number of notifications of cases of Salmonella spp. in 
the current month (D'Souza et al., 2004). In several European countries including the Netherlands, 
England, Switzerland, and Spain, a linear correlation was found between temperature and the 
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number of reported cases of Salmonellosis (Kovats et al., 2004). The monthly presence of 
Campylobacter spp. in the irrigation water showed the same seasonal trend as to the presence of 
Campylobacter spp. in Belgian chicken meat preparations (Habib et al., 2008). 
There was a significant correlation between precipitation and hygiene indicator contamination for 
the water samples. This is confirmed by many other studies, which have shown a correlation 
between increased precipitation accompanied by increased runoff or discharge of (untreated) 
wastewater and the concentration of fecal indicator organisms or pathogens in water. After changes 
in rainfall patterns, an increase in fecal indicator densities in the water was observed by several 
authors (Dorner et al., 2007; Shehane et al., 2005). In the United States, the highest E. coli 
concentrations were found in the period that corresponded with a period of greater rainfall intensity 
(Schilling et al., 2009). Due to the heavy rainfall, the irrigation water becomes contaminated and 
irrigation with water of bad quality may give rise to a contaminated product (Castillo et al., 2004; 
Ensink et al., 2007).  
Although these parameters cannot predict the presence of pathogens; temperature, precipitation 
and E. coli concentration provide some information concerning the most critical periods for possible 
pathogen contamination of the produce and water. These periods must induce a higher state of 
awareness to prevent contamination of the produce by e.g. contaminated irrigation water. 
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Chapter 3 Agricultural and Management Practices and 
Bacterial Contamination in Greenhouse versus Open Field 
Lettuce Production 
3.1 Abstract 
 
Interviews were conducted with the owners of eight lettuce production farms (four greenhouse and 
four open field farms) to retrieve the status of implementation of good agricultural practices and 
management systems in place. Furthermore, through a checklist, information was collected on the 
sources, microbial quality, and if applicable, treatment of the water used for irrigation and harvest 
rinsing. This information was combined with microbiological data on hygiene indicators (E. coli, 
coliforms, enterococci) and presence of enteric bacterial pathogens (Campylobacter spp., Salmonella 
spp., EHEC) on lettuce crops and environmental samples (soil, water) to gain insight into potential 
differences in risk factors for microbial contamination in greenhouse versus open field lettuce 
production in the region of West Flanders, Belgium. It was noted that the majority of the farmers are 
small scale farmers which were certified to a national standard, a prerequisite to deliver lettuce 
crops via the auctions (farmer cooperative) to the fresh produce market or fresh-cut processing 
industry.  
There was a high focus on pesticide residues in the current management system. In contrast, limited 
awareness of human enteric pathogens as a food safety issue in leafy greens was noted for all 
farmers. Overall, farmers complied to generic guidelines on good agricultural practices available at 
national level but documentation at the farm level on microbial quality and if applicable, 
appropriateness of water treatment of water used for irrigation or at harvest was restricted. This was 
also reflected in the microbial analysis of irigation water. PCR EHEC signals, Campylobacter spp. and 
Salmonella spp. isolates were more often isolated from irrigation water in open field (21/45, 46.7%) 
versus greenhouse production (9/75, 12.0%).  C
py
igh
t
Agricultural and Management Practices and Bacterial Contamination 
72 
 
3.1 Introduction 
In a discussion group in 2011, food safety experts from various stakeholder types in the farm-to-fork 
chain of the fresh produce supply chain in EU identified the application of good agricultural practices 
(GAP) as the most important control measure to assure the safety of fresh produce (Van Boxstael et 
al., 2013). GAPs are defined at international level in the Codex Alimentarius Commission’s Code of 
practice for fresh fruits and vegetables (CAC/RCP 53-2003) (Codex Alimentarius, 2003b). To improve 
the safety and hygiene at primary production, the adherence to good agricultural practices is 
introduced in Europe by EU Regulation 852/2004 and enforced and verified by inspections and audits 
by national competent authorities (Anonymous, 2004). As a valuable instrument to aid individual 
farmers to implement GAPs; guidelines, manuals, and certification standards were developed on a 
national or regional level (with or without approval of competent authorities) and are in use by 
industry associations, farmer organizations or retailers. Still these guidelines or standards provide 
general knowledge and instructions on implementation of GAPs in plant primary production, but are 
often not tailored to leafy greens or a defined production situation (e.g. greenhouse or open field). 
Apart from often confidential inspections and audit reports, there is little information or studies to 
identify the status and the maturity of the current agricultural practices and management systems in 
place. Guidelines and standards are a tool to reassure consumers (or retailers) about proper 
adherence to best practices and they provide confidence in safety and quality of fresh produce. 
Given the overall higher concerns about chemical compared to microbial contaminants by EU 
consumers (Kher et al., 2013; Van Boxstael et al., 2013) the focus is on integrated pest management 
and well elaborated pesticide residue monitoring plans in place in the fresh produce supply chain. It 
is not clear to which extent the national or regional guidelines used in Europe on prerequisite 
programs cover the risk factors for microbial contamination of fresh produce.  
The objective of the present study was to get insight into the status of implementation of good 
agricultural production practices, management, and operation of lettuce production in the region of 
West Flanders, Belgium. This was done by a combination of an interview, checklist and exploitation 
of microbial data of lettuce crops and environmental sampling (water, soil) on a range of lettuce 
production farms. In addition, as both greenhouse production (almost all year around) and open field 
production (in the summer period) of lettuce crops is common in the region, it was investigated 
whether the type of production had an impact on the overall risk factors for microbial contamination.  
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3.2 Materials and Methods 
3.2.1 Selection of lettuce production farms 
In Belgium in 2009, the open field farms producing vegetables used a total of 39559 ha of which 
12.2% was used for butterhead lettuce. The greenhouses used only 1034 ha of which 22% of the area 
was used for lettuce (FOD, 2009). Eight Belgian lettuce production farms active in cultivation of 
butterhead lettuce (Lactuca sativa v. sativa) were included in the study (Table 3.1): four greenhouse 
farms (farm 1 to 4) and four open field farms (farm 5 to 8). Butterhead lettuce is the main lettuce 
variety that is grown in Belgium, it is characterized by its heavy crop weight (400-550g), soft leaves, 
and closed head formation and commonly marketed in Europe, predominantly as whole crops, but 
also available as pre-cut bagged. The eight farms were all independent family farms located in the 
region of West Flanders, Belgium. Seven farms are small scale and one farm is a large scale farm 
according the definition of Martins & Tosstorff (2011). 
3.2.2 Interview on good agricultural practices and checklist concerning water 
management 
An in-depth interview with the farmers (ca. 3hours) was conducted in 2012 using the self-assessment 
tool elaborated by Kirezieva et al. (2013a and 2013b) to track the status of implementation of good 
agricultural practices and the maturity of the management and operation systems in place. The self-
assessment tool uses a number of questions related to i) the context and organization of the farm 
(such as the size, location, applied and certified quality assurance standards, number, competence 
and involvement of employees, other activities on the farm (e.g. animal production)), ii) control and 
assurance activities (i.e., personnel hygiene requirements, information on training of the 
owner/employees, water source and control of water supply or water quality, hygienic design of 
equipment and facilities, availability of procedures, documentation and record keeping, corrective 
actions, application of fertilizers, insight in the use of pesticides, pesticides residue or microbiological 
monitoring program) and iii) the system output, for example criteria or guidelines used for 
interpretation of results of analysis, complaints on (visual) quality or safety. Co
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Table 3.1: Characteristics of the eight farms sampled in the study 
 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6 Farm 7 Farm 8 
Type Greenhouse Greenhouse Greenhouse Greenhouse Open field Open field Open field Open field 
Size 2.5 ha lettuce 1.75 ha lettuce 0.95 ha 
lettuce 
1.8 ha lettuce 12 ha lettuce 5 ha open field 20 ha
1
, 2.25 ha
2
 
lettuce 
120 ha
1
, 6 ha
2
 
lettuce 
Operators 
(approximately) 
5 4 3 3 6 2 6 8 
Period of 
production 
Whole year Whole year September 
- April 
Whole year April – 
September 
April - October April - September May - 
September 
Customers Auction Auction Auction Fresh-cut 
processing 
Auction 
Fresh-cut 
processing 
Auction Auction Fresh-cut 
processing 
Auction 
Fertilizer Inorganic Organic/Inorganic Inorganic Organic/Inorganic Organic Inorganic Organic/Inorganic Inorganic 
1total area for vegetable production, 2area for lettuce production 
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During the interview, it was noted for each of these aspects whether management and operation of 
good agricultural practices were rather unstructured, (or an ad hoc basis) or more systematic, 
formalized and documented; whether it was based on historical own expert knowledge or based 
upon guidelines or regulatory information, regularly updated and if needed tailored and validated to 
the own situation of the farm. If it was supported by any visual checks, samplings, analysis, data 
collection, and records keeping and if so, whether any trend analysis or remediation or updating 
occurred on a regular basis.  
  
Furthermore, information in particular with regard to the water use and water management was 
gathered at the different farms both by observation and completing a check list. This checklist (annex 
1) included questions related to identification, location, and protection of the water source, sampling 
and testing of microbial water quality and if applicable, water treatment and its validation.  
In the period April 2011 to December 2012, microbiological data were collected on the prevalence of 
pathogenic bacteria (PCR EHEC positives, Salmonella spp. or Campylobacter spp. isolates) and 
indicator bacteria (total psychrotrophic plate count (TPAC), total coliforms, E. coli, enterococci) by 
execution of sampling on each farm of three separate lettuce crop production cycles throughout the 
production season as described in chapter 2. In chapter 2, the data of microbial analysis were taken 
and compiled to establish the relationships between levels of hygiene indicator bacteria, detection of 
enteric zoonotic pathogens and the temperature and precipitation during lettuce primary 
production. Chapter 3 exploited the same data set but in in this case, the data set was sorted per 
type of production situation (greenhouse versus open field production) (Table 3.2 and 3.3). The 
objective of the present study was to compare between these two types of production systems and 
between individual farms. Furthermore, the microbiological results were combined with the 
agricultural (and water) management and operation system in place as established by the above 
mentioned interview and checklist to document and assess this. As such by the combination of an 
interview, water management checklist and microbiological data a well-founded insight into the 
status of implementation of good agricultural practices in place was obtained.  
3.2.3 Data processing and statistical methods 
Results of the checklist and the interview were compiled and the most important findings were 
mentioned in the results; graphs were made in Excel. Many of the E. coli enumerations for produce, 
soil or water were expected to be negative, i.e. values below the detection limit and for statistical 
analysis the E. coli data was transferred into classes as already mentioned in chapter 2. The definition 
of E. coli classes was as follows: class 1 : < 0.7 log CFU/g or 0 log CFU/100ml (undetected); class 2: ≥ 
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0.7 and < 2 log CFU/g or ≥ 0 and < 1 log CFU/100ml; class 3: ≥ 2 and < 3 log CFU/g or ≥ 1 and < 2 log 
CFU/100ml and class 4: ≥ 3 log CFU/g or ≥ 2 log CFU/100ml. IBM SPSS statistics 20 and Microsoft 
Excel were used for statistical analysis. For the median, minimum and maximum calculations, only 
samples with numbers higher than the detection limit were included in the analysis (> 0.7 log CFU/g 
or > 0 log CFU/100 ml). For the comparison of E. coli prevalence between greenhouses and open field 
farms and between sample type, the Pearson Chi square (PC) or Fishers exact test (FET) were used in 
case one group contained less than 5 samples (P < 0.05).  
The Kolmogorov-Smirnov test and Levene’s test were used to assess normality and equality of 
variance (P ≥ 0.05) respectively. If normality could not be assumed, Mann Whitney U test (MW) was 
used; in case of normality a t-test was used. To determine the influence of the notation of water 
treatment in the checklist on the microbial contamination of the water as determined by analysis, 
the Wilcoxon signed-rank test was used.  
3.3 Results  
3.3.1 Context, organization & management practices of lettuce production 
farms 
All farms in the present study were independent family farms, which deliver the lettuce immediately 
after harvest (same day within 6 h or at latest the next day) in plastic crates (usually 12 crops per 
crate) to the auction (within maximum 30 km distance). Two companies also sold directly to nearby 
fresh-cut processing companies (Table 3.1). In most cases the lettuce was stored at the farm under 
controlled refrigerated conditions but transport occurred by truck to the auctions or fresh-cut 
companies under non-controlled, ambient conditions. 
Seven farms were small scale farms, one open field farmer was a large producer. The workforce was 
between two and eight workers (including the farmer owner and his wife) (Table 3.1). Three out of 
four open field farms (> 2 ha) had a high personnel turnover, used foreign seasonal workers with 
more difficulties of employee involvement and hygiene training whereas one open field farmer (< 2 
ha) and the four greenhouse farmers used a stable work force with native workers.  
The management system in elaborating good agricultural practices was mainly based on the Belgian 
national sector guidelines and recommendations laid down in the IKKB standard (IKKB, 2010) and 
approved and recognized by the Belgian food safety agency to encompass all minimum legislative 
requirements. All farms were audited on a yearly basis by third parties and no serious remarks were 
given as they complied with the current requirements in European and national legislation and IKKB 
standard. Certification to IKKB standard is a prerequisite in order to be able to deliver lettuce crops 
to the auctions and further sales to major retail shops or fresh-cut lettuce processing companies. 
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There were in some cases extra (sometimes conflicting) requirements set by various retailers in 
particular with regard to the demand to provide lettuce with maximum pesticide residues lower than 
the legal set MRLs for pesticide residues. Chemical contaminants and in particular pesticides residues 
in fresh produce were the highest concern for EU consumers when it comes to public concerns about 
food-related risks (TNS, 2010). This explains the high focus of the IKKB standard and the awareness of 
individual farmers on appropriate use of pesticides and full registration and documentation of their 
use. In addition, extensive efforts were taken both by the auctions and the competent authorities on 
a well-elaborated sampling plan for monitoring and feedback on pesticide residue testing. 
 
Agricultural practices  
Fertilizer application or irrigation water are known as risk factors for bacterial contamination. Two 
greenhouse farms and one open field farm made use of the combination between commercial 
organic dry pellets and commercial inorganic fertilizer (Table 3.1). The organic and inorganic 
fertilizers were provided by wholesales. Another open field farm used composted cow manure from 
the stable to fertilize the field. All farmers used treated fertilizer or manure allowed by IKKB (IKKB, 
2010). The other four farms (two greenhouse and two open field farms) used inorganic fertilizer. 
When inorganic fertilizer is used, it is easier to control the release of nutrients compared to the 
pellets or organic fertilizer for which nutrients dissolution can vary depending upon (wet) weather 
conditions and makes it less predictable. 
 
In general, the greenhouse farms made more effort to control the water supply and water quality 
compared to the open field farms because of the control of plant pathogens. The greenhouse farms 
used borehole water (n = 2) or collected rainwater (n = 2), while all open field farms made use of 
collected rainwater (n = 4). The open reservoir of one open field farmer was additionally supplied by 
water of an unknown source (Figure 3.1a).  
The two greenhouse farms using rainwater collected in a reservoir, used reservoirs which were 
constructed with elevated ditches to prevent runoff water to intrude (Figure 3.1b). In contrast, only 
one out of four open field farmers used an elevated reservoir. Also three out of four greenhouse 
farms (thus including one of the greenhouse farms using borehole water) used a water treatment 
system the whole season (Figure 3.1c). Two farmers used chlorine, while the other farmer used UV 
disinfection.  
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Figure 3.1: Results of the water management questionnaire (annex 1), black boxes: greenhouses, white 
boxes: open field farms. Figure 1a: Water sources applied for irrigation, sources of rinsing water and if 
analysis is performed on the applied water. Figure 1b: Preventive measures taken to prevent contamination 
routes, farm 3 and 4 were omitted because the use of borehole water. Figure 1c: Irrigation method/Applied 
water treatment. Y-axis: the number of farms. 
 
Six farms performed an annual microbial analysis of the water quality of the water they used. This 
was done because of the demand of an annual test result on “clean” water as defined by IKKB guide 
and needed if using the water at harvest for rinsing the lettuce crops. Two farms (one greenhouse 
and one open field farm) did not have any records about the water quality as one used borehole 
water of which it was assumed to be of potable water quality and the other used municipal tap 
water. With regard to the time interval between last irrigation event and harvest, in case of the 
greenhouse farms, irrigation was still happening at the same day of harvest during summer and two 
to four days before harvest in winter. For all open field farms, this time interval largely depended 
upon the weather conditions (Figure 3.1c) (the summer of 2012, when interviews and sampling were 
performed, was characterized by regular precipitation events).  
 
3.3.2 Microbiological data from the lettuce production: greenhouse versus 
open field farms 
From April 2011 to December 2012, a total of 844 samples were collected at eight farms (three crop 
production cycles per farm): 57 peat-soil seedling samples, 23 seedlings’ leaves samples, 264 lettuce 
crop samples (= 792 samples pooled by three), 276 soil samples (= 828 samples pooled by three), 120 
water samples, 48 workers’ hands and 56 transport boxes (chapter 2). The results for the greenhouse 
farms versus the open field farms are shown in table 2 and 3.  
All swabs for boxes and workers’ hands (except one sample) were below detection limit (respectively 
< 0.7 log CFU/50 cm² and 0.7 log CFU /25 cm²). E. coli was enumerated (0.7 log CFU/25 cm²) in only 
one sample of the hands of a worker of farm one.  
 
For the peat-soil of the seedlings and the samples of the field soil, no difference in E. coli class was 
found between the greenhouse and the open field farms (P > 0.05, FET) (Figure 3.2). In contrast, the 
E. coli load of the lettuce and the water was significantly different between the two production 
systems (P < 0.05, FET), as in approximately 99 % of the greenhouse lettuce samples, no E. coli was 
enumerated in contrast to 90 % of the open field farms (Table 3.2, Figure 3.2).  
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Table 3.2: Results of greenhouse farms and open field farms for microbial indicators isolated from samples in 
primary production (indicators, in log CFU/g for samples of lettuce, soil and seedlings or log CFU/100 ml for 
water samples, pathogens, presence or absence /25 g for samples of lettuce, soil and seedlings or 1 l for 
water samples) with n: amount of samples. Median, minimum and maximum were calculated with the 
values when was the indicator was enumerated (i.e. E. coli > 0.7 log/g or > 0 log/100 ml, coliforms > 0 
log/100 ml, Enterococci > 0 log/100 ml) 
  Greenhouse farms Open field farms 
 
 n  Med min max n  med min max 
Lettuce TPAC 144 100% 6.3 5.0 8.5 120 100% 6.0 5.0 7.2 
 E. coli 144 1.4% 0.7 0.7 0.7 120 10% 1.0 0.7 2.0 
 Pathogens 48 8.4%    40 10%    
Seedling TPAC 12 100 % 6.2 5.1 6.9 11 100% 5.6 4.6 6.3 
 E. coli 12 0 % 0.7
 
0.7
 
0.7
 
11 9.1% 1.4 1.4 1.4 
soil seedling TPAC 28 100% 9.0 7.0 9 29 100% 8.0 6.1 9.3 
 E. coli 28 92.9% 1.7 0.7 3.7 29 100% 2.2 1.4 3.9 
 Pathogens 12 0%    11 0%    
Soil TPAC 144 100% 7.2 6.3 8.3 132 100% 7.1 6.0 8.9 
 E. coli 144 38.2% 1.2 0.7 2.9 132 34.8% 1.2 0.7 3.2 
 Pathogens 48 4.2%    44 9%    
water source TPAC 35 100% 5.0 2.7 7.2 33 100% 5.9 4.8 7.1 
 E. coli 35 48.6% 1.0 0 1.9 33 0% 2 1.0 3.6 
 Coliforms 35 31.4% 1.0 0 3.5 33 0% 2.3 1.0 4.1 
 Enterococci 35 45.8% 1.3 0 2.5 33 0% 1.9 0.6 3.6 
 Pathogens 35 20%    33 54%    
Water tap TPAC 36 100% 5.3 2.3 7.8 5 100% 6.7 5.8 7.7 
 E. coli 36 19.4% 1.1 0 1.7 5 0% 2 1.5 2.1 
 Coliforms 36 27.7% 0.7 0 2.1 5 0% 2.1 1.5 2.7 
 Enterococci 36 33.3% 0.9 0 2.3 5 0% 2.0 1.7 2.7 
 Pathogens 36 2.8%    5 20%    
Wash water TPAC 4 100% 5.5 4.3 6.4 7 100% 6.3 5.7 7.7 
 E. coli 4 75% 0 0 0.3 7 71.4% 0.9 0.8 1.5 
 Coliforms 4 75% 0.1 0 0.3 7 71.4% 1.2 0.9 1.45 
 Enterococci 4 50% 0.2 0 0.5 7 71.4% 0.6 0.3 1.0 
 Pathogens 4 0%    7 57%    
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Table 3.3: Pathogen prevalence in the different samples in greenhouses and open field farms (H-2w: two 
weeks before harvest, H-1w: one week before harvest, H: at harvest). 
 
 n
a Pathogen  PCR 
Screening
b Serotype
c 
G
R
EE
N
H
O
U
SE
 F
A
R
M
 
Lettuce (H-2w) 12 Campylobacter spp. 8.3%   
Lettuce (H-1w) 12 Campylobacter spp. 16.6%   
Lettuce (Harvest) 24 Campylobacter spp. 4.2%   
Soil 48 VTEC 4.2% vt1, eae  
Soil 48 VTEC 4.2% vt2, eae  
Water source 35 Salmonella spp. 2.9%   
Water source 35 VTEC 2.9% vt1, vt2, eae  
Water source 35 Campylobacter spp. 20%   
Water tap 36 Campylobacter spp. 2.8%   
O
P
EN
 F
IE
LD
 F
A
R
M
 
Lettuce (H-2w) 12 Campylobacter spp. 0.0%   
Lettuce (H-1w) 12 Campylobacter spp. 27.3%   
Lettuce (Harvest) 18 Campylobacter spp. 5.6%   
Soil 44 Salmonella spp. 2.4%   
Soil 44 VTEC 6.8% vt2, eae O157 
Soil 44 VTEC 6.8% vt1, vt2, eae O103, O157 
Soil 44 VTEC 6.8% vt1, eae O26 
Water source 33 VTEC 15.2% vt1, eae  
Water source 33 VTEC 15.2% vt1, eae O111 
Water source 33 VTEC 15.2% vt1, eae O26 
Water source 33 VTEC 15.2% vt1, vt2, eae  
Water source 33 VTEC 15.2% vt1, eae  
Water source 33 Campylobacter spp. 42.4%   
Water tap 5 Campylobacter spp. 20%   
Wash water 7 Campylobacter spp. 57.1%   
anumber of samples checked 
bPCR screening with Genedisc or method of Posse et al., (2008) 
VTEC: E. coli strains possessing the vtx-coding genes vt1 or vt2 and the intimin-coding gene eae 
cSerotyping by method of Posse et al. (2008) 
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Figure 3.2: E. coli distribution between Greenhouses (gh) and Open Field Farms (of) for soil seedling (a), soil (b), lettuce (c) and water (d). E. coli distribution between the 
greenhouse farms and open field farms (1), between the four studied greenhouses (2) and between the four studied open field farms (3). * significant difference (P < 
0.05, FET). f1 = farmer 1, f2 = farmer 2, etc. 
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In 39.2 % of the greenhouse water samples, E. coli was below the detection limit, while 91.1 % and 
46.7% of the water samples of the open field farmers were higher than respectively 1 log CFU/100 ml 
and 2 log CFU/100 ml. The TPAC of the lettuce was significant higher for the greenhouse farms (6.33 
log CFU/g) compared to the open field farms (5.97 log CFU/g) (P < 0.05, t-test). Nevertheless, the 
microbiological relevance of 0.3 log difference might be restricted in terms of microbial quality.  
The pathogens (Campylobacter spp., EHEC and Salmonella spp.) were significantly more present in 
the water samples of the open field farms (46.7 %) compared to the greenhouse farms (12.0 %) (P < 
0.05, PC). Also for each other type of sample (soil or lettuce), the prevalence of pathogens was higher 
in the open field samples compared to the greenhouse farms, but not significantly. On the lettuce, 
only Campylobacter spp. (n = 4 /40 for greenhouses and n = 4/48 for open field) was detected, no 
EHEC or Salmonella spp. was found. Campylobacter spp. was present at most of the sampling 
moments on the lettuce, however, the presence at harvest is a problem (greenhouse 4.2%, open 
field 5.6%).  
Between the greenhouses, no statistical difference was observed between the E. coli classes (all P > 
0.05, FET) for the soil seedlings, the soil and the lettuce samples, as the same distribution was 
observed for all greenhouses (Figure 3.2). The water results of Farm 3 and 4 had a different 
distribution in contrast to the other two farms due to the difference in water source. The significant 
difference was reflected by the P value (P < 0.05, FET).  
A significant difference in E. coli class was found for all samples between the four open field farms (P 
< 0.05, FET) (Figure 3.2). This is reflected by the differences in distribution of the samples for the 
different farms. For example, the lettuce samples of farm 5 were all below detection limit, while E. 
coli was enumerated in approximately 20 % and 10 % of the samples for farm 6 and 8 respectively. 
 
As a conclusion, between the open field farms, a significant difference was found for E. coli levels 
between soil seedling, lettuce, soil and water. For the greenhouses, only a significant difference for 
the E. coli levels of the water. This reflects the more variable situation of the open field compared to 
greenhouses as open field is more vulnerable in terms of controlling hazards and risks. 
3.3.3 Impact of agricultural practices and management systems on the 
microbial quality 
There was no difference for the field soil samples at the start of the production between the farms 
who used commercial available organic pellets (farm 2, 4 and 7) and the farms who used inorganic 
fertilizer (farm 1, 3, 6 and 8) (P > 0.05, FET). Both organic and inorganic fertilizer were bought from 
wholesales. A significant difference was observed between farm 5, who used cow manure, and the 
Co
py
r g
ht
Chapter 3 
85 
 
farms that used either the organic pellets or inorganic fertilizer (P < 0.05, FET). However, no 
difference was observed for the soil samples between the farms that used organic dry pellets, 
inorganic fertilizer or cow manure when the samples were taken further in the crop production cycle 
(P > 0.05). 
Of the eight farms, two farms used borehole water as water source for irrigation, compared to the 
open well water of the other six farms. There was a significant higher amount of E. coli, coliforms, 
enterococci and TPAC present in the open well water compared to the borehole water (P < 0.05, MW 
and t-test for TPAC) (Figure 3.3a). Prevalence of pathogens was also lower in the borehole water 
compared to the open well water (Figure 3.3b).  
Three out of four greenhouse farms used a disinfection method of the water between source and tap 
(Figure 3.1). When disinfection was used, no pathogens were observed in the water sampled at the 
tap in contrast to the water samples at the source. A lower amount of E. coli and enterococci was 
observed in the tap water samples in contrast to a higher amount of TPAC in the tap water samples 
compared to the TPAC enumerations in the water at the source (Figure 3.3c). 
3.4 Discussion 
Overall, EU consumers expressed higher concerns about chemical, as compared with microbial 
contaminants (Kher et al., 2013). Therefore in Europe in fresh produce (including leafy greens) both 
at primary production, processing, and trade, a focus is in place on chemical hazards, mainly 
pesticides. In 2005, Regulation (EC) No. 396/2005 became effective, implying a harmonization of the 
MRLs for pesticides at the EU-level (Anonymous, 2005). EU Member States are obliged to ensure 
compliance with EU and national MRLs and have extensive monitoring programs in place for fruit and 
vegetables to check for compliance with the maximum pesticide residue levels in fresh produce. It 
resulted in the fact that standards and guidelines for primary production focuses on pesticide 
management. 
Still, in interviews performed on the farms one year after the 2011 EHEC crisis, limited awareness or 
knowledge on human enteric pathogens such as EHEC, Salmonella spp. or Campylobacter spp. as a 
potential hazards associated with lettuce were observed. Although, the 2011 discussion forum with 
European stakeholders in fresh produce supply chain (taking place before the event of the EHEC 2011 
crisis) mentioned bacteria as the first threat, followed by the viruses and the pesticides (Van Boxstael 
et al., 2013). Despite the increased awareness on microbial safety of fresh produce among 
consumers, retailers, fresh-cut processing industry, farmers associations, and competent authorities, 
there is no EU wide harmonized monitoring program in place. Data are only available from individual 
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surveys such as the survey of the Netherlands of 2006-2007 on a variety of fresh produce and ready-
to-eat salads (Pielaat et al., 2008). 
a 
 
 
b 
 
 
c 
 
 
Figure 3.3: (a) and (b) Contamination of the different indicator bacteria and pathogens for bore hole water 
(farmer 3 and 4) and open well water. (c) Impact of water treatment on the indicator bacteria and pathogens 
for treated and untreated water for the three farms that used water treatment (farm 1, 3 and 4). Bars are 
the 95% confident interval. 
Overall individual national or regional surveys differ in both focus and sampling design making data 
comparison at the level of specific food-pathogen combinations inappropriate (EFSA, 2013a). In 
Belgium, collective monitoring plans are in place e.g. by national competent authorities and the 
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auctions. Furthermore, at EU level the current microbiological criteria in place (a process criterion for 
E. coli and a food safety criterion for Salmonella spp. (but only for fresh-cut), described in EU 
2073/2005 Regulation (EC, 2005), are only applicable for pre-cut ready-to-eat vegetables and not 
applicable at harvest for primary production or whole crops being marketed. As a result, individual 
farmers rarely get complaints or questions about microbial food safety of lettuce. If complaints 
occurred, they were related to the visual quality with overall slightly more complaints being 
expressed to open field farms compared to the greenhouse farms.  
Although prevalence of pathogens such as Salmonella spp. and EHEC are overall very low (< 1%) 
(EFSA, 2013c; Pielaat et al., 2008), still in particular Salmonella spp. was identified as of high concern 
being associated with leafy greens outbreaks in the EU (EFSA, 2013a). No Salmonella spp. was 
isolated from lettuce, neither from greenhouse lettuce or open field lettuce, although Salmonella 
spp. was isolated from soil in open field and in the water source from a greenhouse. In addition, the 
present study showed a higher concern for presence of Campylobacter spp. in lettuce. This indicates 
the need for further elaboration of specific guidelines and control measures for leafy greens with 
regard to microbial hazards. For example, the water management checklist showed little knowledge 
on microbial quality of water used for irrigation or rinsing at harvest, and lack of guidelines on this.  
Greenhouses and open field farms differed in production environment. Greenhouses provide 
physical barriers against some sources of enteric bacterial contamination and therefor, little variation 
was observed. The most important contamination sources of enteric micro-organisms in the 
greenhouses were irrigation water and the introduction of peat-soil or dry organic pellet fertilizer, 
despite the fact that the fertilizer is treated and normally free of contamination. The open field farms 
might face additional routes of contamination such as introduction of enteric bacteria via 
neighboring livestock presence, wild animals, heavy rainfall or storm events causing runoff or 
flooding (Casteel et al., 2006; Kirezieva et al; 2013a; Oporto et al., 2008; Parker et al., 2010).  
Both greenhouses and open field farms suffered from high levels of contamination (up to 3.9 log CFU 
E. coli/g) of incoming peat-soil. Few reports document on the microbial contamination of the soil of 
the seedling. Salmonella spp. have been found in supposedly sterilized animal by-products used in 
potting mixes (McLaughlin, 2005) and also Legionella spp. have been recovered from peat-soil (Casati 
et al., 2009; Pravinkumar et al., 2010). The presence of high levels of E. coli (up to 2 log CFU/g) in the 
(initial) soil of the greenhouse farms could be explained by the highly contaminated peat-soil as the 
soil is mixed thoroughly after harvesting and in some cases the next day, the new seedlings were 
already planted. This has been the case to a lesser extent for the open field farms as the time 
between harvest and planting is minimal 2 to 3 weeks and the bacteria experienced more stress and 
competition compared to the greenhouses due to the higher humidity and soil moisture in 
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greenhouses which favours the survival of bacteria (Santamaria & Toranzos, 2003; Semenov et al., 
2007; Warriner et al., 2009).  
The lack of difference in E. coli presence in the soil between the farms that used organic fertilizer and 
those that used inorganic manure, suggested that properly handled and treated organic fertilizer, i.e. 
commercially available dry pellets, is effective and safe (Venglovsky et al., 2009). However, the higher 
E. coli content of the initial soil of farm 5 and the presence of three culture confirmed PCR EHEC 
signals on this farm is probably due to the fact that the farmyard cattle manure was improperly 
treated (Venglovsky et al., 2009). Untreated or improperly treated manure may harbour pathogenic 
bacteria such as Salmonella spp., E. coli O157 H7, Campylobacter jejuni, Yersinia enterocolitica and 
Clostridium perfringens and can contaminate the soil (Johannessen et al., 2005; Venglovsky et al., 
2009). Among the farms using inorganic fertilizer, only one positive sample of Salmonella spp. was 
found in the soil (farm 8). In contrast to greenhouse farms, the soil of an open field farm was stated 
to be more susceptible to contamination from outside (Kirezieva et al. 2013a). For example, the low-
lying field of farm 6 was flooded during heavy rainfall. This is probably the explanation for the peaks 
of E. coli in the soil (up to 3.5 log/g) and lettuce (up to 1.5 log/g) during sampling moments after 
heavy rainfall (Figure 3.4). 
In general, there was a higher risk in water supply for the open field farms compared to the 
greenhouse farms (Figure 3.1). The water source of farm 3 and 4 was different compared to the 
other six farms. Very low levels of fecal contamination and pathogens were detected in the borehole 
water during the current study (farm 3 and 4). Several studies confirmed our findings that borehole 
water can be contaminated with different kinds of micro-organisms such as E. coli, Salmonella spp. 
and Campylobacter spp. (Fong et al., 2007; Prudham, 2004; Richardson et al., 2009) However, 
borehole water is generally accepted to be of better quality because the water is more separated 
from contamination than surface water (Richardson et al., 2009). 
The other six farms used the cheaper alternative, rainwater collected in an (foiled) open well (surface 
water). Rainwater is freely available and harvesting may serve as an alternative solution due to the 
pressure on the borehole water (D’hooghe et al., 2007). The water control differed between the 
greenhouses and open field farms (Figure 3.1). The farms that used gradients to avoid contamination 
through runoff, were lower in microbial load. The historic presence of cattle near the open well of 
farm 5 resulted in a high prevalence (50 %) of EHEC in the open well water samples. The surface 
water of farm 7 contained rainwater and another unknown source which was flowing in the open 
well which was not elevated. The lack of control of the water was reflected by the high prevalence of 
pathogens detected in the water (66 %). The other farm (farm 6) that used no gradients suffered also 
from high amounts of pathogens in the water as water source, water tap and wash water showed 
high prevalence of Campylobacter spp. presence (64%).  
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Figure 3.4: Impact of precipitation (mm) and temperature (°C) on the presence of indicator bacteria in soil 
and lettuce during the three visits of farm 6. Starting in the 20st week with visit 1 up to the 37 week of 2012 
when finishing visit 3. 
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Furthermore, three out of four greenhouse farms used always a water treatment system, farm two 
only in winter (Figure 3.1). Water treatment can be used when a contaminated source is used or to 
tackle the biofilm in the irrigation pipes (Bichai et al., 2012; Norton-Brandão et al., 2013). However, 
according the farms, the purpose of the treatment was mainly focused to eliminate plant diseases in 
the greenhouses such as bacterial midrib rot, caused by Pseudomonas cichorii instead of eliminating 
human pathogens (Cottyn et al., 2009; Pauwelyn et al., 2011). As it is suggested that P. cichorii is 
most likely introduced into the greenhouse via contaminated irrigation water (Cottyn et al., 2011). 
Midrib rot is an emerging disease especially for the greenhouse production systems as the highest 
incidence of midrib rot occurs in autumn with prolonged periods of wet and darker weather (Cottyn 
et al., 2011). As a side effect of avoiding plant diseases, the water treatment was able to significantly 
reduce the E. coli, enterococci and coliform levels in the water (P < 0.05, Wilcoxon). 
 
The pathogen prevalence was also reduced. This reduction could be expected from UV or chlorine as 
a treatment (Bichai et al., 2012; Gil et al., 2009). In contrast, an increase in TPAC was observed 
between the source and the tap water. This could be explained by the possible biofilm formation in 
the pipelines as disinfection or maintenance is only done annual for most farms (Hallam et al., 2001; 
Szewzyk et al., 2000).  
All farms used sprinkler irrigation (Figure 3.1). It is known that subsurface or drip irrigation lowers the 
risk of transfer to growing plants by minimizing the exposure of the irrigated water to the crop 
compared to the used sprinkler irrigation (Enriquez et al., 2003; Hamilton et al., 2006; Oron et al., 
1992; Song et al., 2006). However, the (investment) cost for a drip irrigation system is significantly 
higher compared to sprinkler irrigation (Verbeten, 1998). On every occasion that Campylobacter spp. 
was detected on the lettuce, the Campylobacter spp. was also isolated from the irrigation water 
which suggested the water as the possible source for contamination of the lettuce. These findings 
are supported by several publications which confirm that water used for irrigation can transfer 
human pathogens to a variety of growing leafy vegetables and herbs (Amoah et al., 2006; Erickson et 
al., 2010; Lapidot & Yaron, 2009; Melloul et al., 2001; Solomon et al., 2003; Song et al., 2006) and 
cause outbreaks (Greene et al., 2008; Soderstrom et al., 2005).  
At harvest, lettuce was primary rinsed to remove dirt, soil and to reduce to some extent microbial 
load (James, 2006; Jawahar & Ringler, 2009). Though water is a useful tool for reducing potential 
contamination, rinsing water of insufficient quality has the potential to be a direct source of 
contamination and a vehicle for spreading contamination (Allende et al., 2008; Luo, 2007). Although 
three farmers claimed to use potable water quality for rinsing (Figure 3.1), only farm 4 satisfied 
potable water quality (Anonymous, 2002b). The rinsing water of farm 6 and 7 tested positive for 
Campylobacter spp. As the water is applied at harvest to the whole head crop which is next directly 
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transported to the auction or processing company. E. coli and pathogen contamination must be 
avoided. 
Greenhouses irrigated in the summer months at the day of harvest (Figure 3.1) increasing the risk of 
pathogen presence at harvest, in particular because microbial water quality of irrigation water is 
unknown (and at present also not subject to legislation or microbial guidelines). It is recommended 
to increase the interval from the time of irrigation to the point of harvest significantly due to the 
decreased likelihood that the pathogen would be present in the harvested product (Fonseca et al., 
2011; Moyne et al., 2011). Ottoson et al. (2011) did a QMRA in Sweden and found that waiting times 
of 1, 2, 4 and 7 day(s) reduced the risk for E. coli O157 contamination with 3, 8, 8 and 18 times 
respectively. 
Although no difference in contamination was found for the field soil and peat-soil samples between 
greenhouse and open field farmers, there was a lower E. coli contamination of the lettuce for the 
greenhouses but a higher TPAC level was observed. The lettuce of the open field farms was exposed 
to higher UV radiation which probably lowers the microbial load. This is the most plausible reason for 
the significant lower TPAC on the lettuce of the open field farms. Under clear skies, UV light can 
effectively kill microbes (Yaun et al., 2003). The amount of UV at the surface results from ozone 
concentrations in the upper troposphere and lower stratosphere, cloud cover and the aerosol type, 
content and distribution (Penner et al., 1999). 
On the other hand the flooding and lack of stability and control of the watering process had a 
negative impact on the contamination level of the open field farms. Increased rainfall or irrigation, 
increased the chance of flooding or splashing of (contaminated) soil on the vegetables compared to 
the regular vaporization of irrigation water used in the greenhouses (Cevallos-Cevallos et al., 2012; 
Franz et al., 2008; Girardin et al., 2005; Ntahimpera et al., 1999; Pietravalle et al., 2001). 
However, there was less need of irrigation in the open fields due to the regular sufficient amounts of 
precipitation in the summer of 2012 (Figure 3.4). An additional reason for the higher fecal 
contamination of soil, lettuce and water for the open field farms was the timing of the sampling. All 
open field farms were sampled during the warmer months (May to September) when the prevalence 
of pathogens was naturally higher compared to the greenhouses which were sampled during the 
whole year (Chapter 2). 
 
The combination of an interview, water management checklist and microbiological data enabled to 
get insight into the quality and safety of lettuce and the agricultural and management practices of 
lettuce production in the region of West Flanders, Belgium. Overall, the farms were implementing 
national guidelines. Although there was knowledge and control of phytosanitary aspects and plant 
pathogens, awareness and knowledge on human pathogenic microbiological hazards was restricted. 
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The focus of the present national guidelines is in particular on pesticides use with full registration and 
documentation in place and generic on the appropriate use of field preparation, use of fertilizers and 
water, personnel hygiene and cleaning and maintenance of equipment. There is a need for improved 
national guidelines with more focus on the risk of human enteric pathogens, stressing the need of 
hand washing, personnel hygiene and a better guidance and communication on in particular the 
source, quality, testing frequency, treatment and use of irrigation water and method of irrigation, the 
construction and maintenance of irrigation water reservoirs as well as to highlight the potential 
impact of contextual factors such as climatic conditions, animal activity on neighboring fields, etc. 
The open field farms showed higher prevalence of pathogens and E. coli and more variability in E. coli 
contamination levels compared to the greenhouse farms probably because of the additional external 
contamination sources and the sampling being conducted in the summer period. However, in 
general, the greenhouse farms did more effort to avoid microbiological contamination especially 
their control of irrigation water quality and protection of reservoirs from external contamination was 
more advanced due to application of water treatment and precautions such as preventing vegetation 
and animals around the reservoirs and the use of elevated ditches to avoid introduction of runoff 
water. 
Knowing that 45 % of the water source samples from the farms without water treatment contained a 
pathogen, the absence of a water treatment system can have detrimental consequences – in 
particular for lettuce production in open fields - when more irrigation is necessary through dry and 
sunny weather. The importance of the water quality for the rinse step at harvest is also an essential 
point whereas it was noted that most farmers did not use potable water or had no guarantees on the 
cleanliness of the water used. It can be this rinsing step that poses a risk for at harvest introduction 
of enteric pathogenic bacteria and thus may lower the microbiological quality and safety of the 
lettuce. 
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Chapter 4 Moderate Prevalence of Antimicrobial resistance in 
E. coli isolated from lettuce, irrigation water and soil 
4.1 Abstract 
Fresh produce is known to carry nonpathogenic epiphytic micro-organisms. During agricultural 
production and harvesting, leafy greens can become contaminated with antibiotic resistant 
pathogens or commensals from animal and human sources. As lettuce does not undergo any 
inactivation or preservation treatment during processing, consumers may be exposed directly to all 
of the (resistant) bacteria present. In this chapter, it was investigated whether lettuce or its 
production environment (irrigation water, soil) is able to act as a vector or reservoir of antimicrobial-
resistant Escherichia coli. Over a 1-year period, eight lettuce farms were visited multiple times and 
740 samples, including lettuce seedlings (leaves and soil), soil, irrigation water, and lettuce leaves 
were collected. From these samples, 473 isolates of Escherichia coli were obtained and tested for 
resistance to 14 antimicrobials. Fifty-four isolates (11.4%) were resistant to one or more 
antimicrobials. The highest resistance rate was observed for ampicillin (7%), followed by cephalothin, 
amoxicillin-clavulanic acid, tetracycline, trimethoprim, and streptomycin, with resistance rates 
between 4.4 and 3.6%. No resistance to amikacin, ciprofloxacin, gentamicin, or kanamycin was 
observed. One isolate was resistant to cefotaxime. Among the multiresistant isolates (n = 37), 
ampicillin and cephalothin showed the highest resistance rates, at 76 and 52%, respectively. E. coli 
isolates from lettuce showed higher resistance rates than E. coli isolates obtained from soil or 
irrigation water samples. When the presence of resistance in E. coli isolates from lettuce production 
sites and their resistance patterns were compared with the profiles of animal-derived E. coli strains, 
they were found to be the most comparable with what is found in the cattle reservoir. This may 
suggest that cattle are a potential reservoir of antimicrobial-resistant E. coli strains in primary plant 
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4.2 Introduction 
The emergence, propagation, accumulation, and maintenance of strains of antimicrobial resistant 
(AR) pathogenic bacteria have become a worldwide health concern in human and veterinary 
medicine (Anderson, 1999; Levy and Marshall, 2004). The rise of antimicrobial resistance is due to 
the usage of antimicrobials for the treatment of human, animal and plant diseases (Gustafson and 
Bowen, 1997; McManus et al., 2002; Stockwell and Duffy, 2012). The use of antimicrobials selects for 
resistance not only in pathogenic bacteria but also in commensal bacteria (van den Bogaard and 
Stobberingh, 2000). As a result, the commensal population of an individual gives a good reflection of 
the selective pressure exerted by the use of antimicrobial agents in the environment of the 
population (van den Bogaard and Stobberingh, 1999). By using indicator bacteria, misjudging or 
overestimating resistance levels may be minimized (Lester et al., 1990; van den Bogaard and 
Stobberingh, 1999). Moreover these commensal bacteria may serve as a source for resistance genes 
that can easily be transferred to pathogens. Therefore, the level of antimicrobial resistance in E. coli 
is a useful indicator for resistance levels expected in pathogenic bacteria (Saenz et al., 2001; van den 
Bogaard and Stobberingh, 2000). 
Antimicrobial resistant bacteria and antimicrobial resistance genes can be exchanged between the 
animal reservoir and the human reservoir (Aarestrup et al., 2008; van den Bogaard and Stobberingh, 
1999; Wooldridge, 2012). This can be a consequence of direct contact with animals or their 
environment or through indirect contact through the food chain (McGowan et al., 2006).  
Many studies concerning the presence of antimicrobial resistance in several animal-producing 
environments such as sheep, cattle, swine, or broiler farms have been conducted (Dai et al., 2008; 
Dewulf et al., 2007; Enne et al., 2008; Knezevic and Petrovic, 2008; Lanz et al., 2003; Lim et al., 2007; 
Persoons et al., 2011; Persoons et al., 2012; Varga et al., 2008). However, only few publications are 
available whether vegetables or the producing environment can act as a carrier or reservoir for 
antimicrobial resistance (Duffy et al., 2005; Ruimy et al., 2010). 
Fresh vegetables normally carry natural non-pathogenic epiphytic micro-organisms, but during 
growth, and harvesting, the produce can become contaminated with pathogens or commensals from 
animal and human sources (Beuchat, 2006; James, 2006; Steele and Odumeru, 2004). Contamination 
of produce can occur in the field by contaminated soil, by exposure to contaminated water (e.g., by 
crop irrigation, application of pesticides or flooding) or by deposition of feces by livestock or wild 
animals (Brackett, 1999; Brandl, 2006; Ingham et al., 2005; Johannessen et al., 2005; Solomon et al., 
2002; Tournas, 2005). Fecal bacteria are able to survive for extended periods in soils (Islam et al., 
2004), manure (Forshell and Ekesbo, 1993; Kudva et al., 1998; Nicholson et al., 2005) and water 
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(Chalmers et al., 2000; Steele and Odumeru, 2004), and thereby provide potential inoculum for 
contamination.  
As lettuce is grown close to the soil, lettuce has more chance to get contaminated than vegetables 
that grow above the soil (Doyle and Erickson, 2008). Furthermore, as lettuce does not undergo any 
inactivation or preservation treatments during processing, the consumer may be exposed directly to 
all (resistant) bacteria present. Therefore the aim of chapter 4 was, to check whether lettuce or its 
production environment is able to act as a vector or reservoir of antimicrobial resistant bacteria.  
4.3 Material and Methods 
4.3.1 Selection of farms and collection and sampling of samples and isolation of 
bacteria 
The selection of the farms, the sampling plan and the sampling of the seedlings, peat-soil, field soil, 
lettuce and water was according 2.2.1, 2.3.2 and 2.3.3 respectively.  
The incubated RAPID’E. coli 2 chromogenic medium was investigated for typical E. coli colonies and a 
maximum of three colonies of each sample were selected from the plate. The isolates were tested by 
indole and oxidase tests for biochemical confirmation of E. coli (ISO, 2000a). Only if no typical 
colonies were present by the enumeration method (limit of detection being < 0,7 log CFU/g), E. coli 
colonies were isolated from the buffered peptone water enrichment (used for the enumeration of 
EHEC) by means of a four-by-four streak (20 µl) on RAPID’E. coli 2 chromogenic media.  
The collected E. coli colonies (346 isolates obtained by enumeration method, 253 colonies obtained 
by detection method) were stored on TSA slants at 4°C until they were tested for antimicrobial 
susceptibility. 
4.3.2 Antimicrobial Susceptibility Testing 
Antimicrobial susceptibility testing was carried out by the Kirby–Bauer disk diffusion method on 
Mueller–Hinton agar plates as recommended by the Clinical and Laboratory Standards Institute 
(Clinical and Laboratory Standards Institute, 2008). The following antimicrobials were tested, with 
their potency between brackets: amikacin (30 µg), amoxicillin/clavulanic acid (20/10 µg) (AMC), 
ampicillin (30 µg) (AMP), cefotaxime (30 µg) (CEF), cephalothin (30 µg) (CEP), chloramphenicol (30 
µg) (CLR), ciprofloxacin (5 µg) (CIP), gentamicin (10 µg) (GEN), kanamycin (30 µg) (KAN), nalidixic acid 
(30 µg) (NAL), streptomycin (10 µg) (STR), sulfonamides (240 µg) (SULFA), tetracycline (30 µg) (TET), 
trimethoprim (5 µg) (TRIM). After 18 h of incubation, the E. coli isolates were classified as susceptible 
or resistant according to the clinical interpretative criteria, recommended by CLSI (Rosco, 2011). In 
order to dichotomize the antimicrobial resistance results, isolates with intermediate susceptibility 
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were considered as resistant. A total of 599 E. coli colonies were tested for antimicrobial 
susceptibility. When E. coli isolates from the enrichment sample were included for antimicrobial 
susceptibility testing (only in case no E. coli could be enumerated), the isolated E. coli colonies could 
have originated from the same bacterial strain. In that case, only E. coli isolates with different 
antimicrobial resistance patterns were included in the results (Osterblad et al., 1999). This resulted in 
a total of 473 colonies (Table 4.1). 
SPSS statistics 20 and Microsoft Excel were used for statistical analysis. The chi² was used to analyze 
differences in the frequency of resistance between isolates obtained from greenhouses, those from 
open field farms, those from different farms and those from different samples. Because of the low 
prevalence of antimicrobial resistance among the E. coli isolates, logistic regression did not provide 
any additional output.  
4.4 Results  
4.4.1 Prevalence of E. coli 
The survey resulted in a total of 473 E. coli isolates obtained from the 740 samples gathered during 
the sampling period, with 66 isolates from seedling peat-soil, only 3 isolates from seedling leaves, 
171 isolates from surrounding soil, 161 isolates from irrigation water, and 72 isolates from the 
lettuce leaves. This is displayed in detail in Table 4.1.  
4.4.1 Antimicrobial susceptibility 
The results of in vitro susceptibility testing of all E. coli isolates from different sources are shown in 
Table 4.2. No distinction is made between the different sources of water because of the low 
prevalence of resistance (open-well water, 8.4 %; groundwater, 5.6 %). Fifty-four (11,4%) of 473 
isolates were found to be resistant to one or more of the antimicrobial agents tested. Only one of the 
473 isolates was resistant to nalidixic acid (NAL), and another one was resistant to cefotaxim. 
Resistance to ampicillin was more common (7% in all of the groups).  C
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Table 4.1: Prevalence of E. coli in lettuce primary production environment  
 Peat-soil seedling Soil lettuce Seedling water 
 #
a 
# Isolates
b 
#
a 
# Isolates
b 
#
a 
# Isolates
b 
#
a 
# Isolates
b 
#
a 
# Isolates
b 
G
re
e
n
h
o
u
se
 
Farm 1 7 9 36 17 36 10 3 0 18 18 
Farm 2 7 8 36 15 36 6 3 0 21 24 
Farm 3 7 11 36 24 36 5 3 0 18 12 
Farm 4 7 8 36 27 36 5 3 0 18 6 
O
p
en
 f
ie
ld
 
Farm 5 2 3 24 16 18 3 3 0 9 3 
Farm 6 9 9 36 27 36 21 3 0 14 37 
Farm 7 9 9 36 23 36 12 3 0 12 31 
Farm 8 9 9 36 22 30 10 3 3 10 30 
Total (n = 473) 57 66 276 171 264 72 24 3 120 161 
% Enumerable E. coli samples
c
 96.5 36.6 5.3 4.3 59.2 
Range: minimum – maximum 
(log CFU/g or 100 ml) 
< 0.7 - 3.9 < 0.7 - 3.2 < 0.7 - 2.0 < 0.7 - 1.4 < 0 - 3.6 
anumber of samples, bnumber of isolates, c corresponds to proportion of samples exceeding the detection limit for enumeration of E. coli (50 CFU/g or 0.7 log CFU/g for solid samples and 1 CFU/100 ml or 0 log 
CFU/100 ml for water samples) 
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The prevalence of amoxicillin/clavulanic acid, cephalothin, tetracycline and trimethoprim resistance 
was between 4 and 4.5%, followed by the prevalence of streptomycin (3.6%), sulfamethizole (3.0%), 
and chloramphenicol (1.9%) resistance.  
There were no E. coli isolates with reduced susceptibility to the aminoglycosids amikacin, kanamycin, 
gentamycin and the quinolone ciprofloxacin. 
Of the 54 antimicrobial resistant E. coli isolates, 37 were found to be multiresistant (Table 4.3). 
Ampicillin was present in approximately 75% of the multiresistant isolates. Amoxicillin/clavulanic acid 
and cephalotin accounted for approximately 50%. The most frequently observed pattern found in the 
multiresistant isolates was the combination of amoxicillin/clavulanic acid – ampicillin– cephalothin 
resistance (n = 9) (Table 4.3). Four isolates were resistant to seven antimicrobial agents.  
A significant difference in antimicrobial resistance was observed between E. coli isolates obtained 
from soil, water, and lettuce in greenhouse farms and those obtained from open field farms 
(percentage of resistant isolates, 13 and 8.9% in greenhouse and open field farms, respectively; P < 
0.05). A difference was also observed in the prevalence of antimicrobial resistance in seedling peat-
soil E. coli isolates from greenhouse farms (27.8%) and those from open field farms (3.3%). The 
prevalence of resistant isolates was significantly higher on lettuce leaves (22.2%) than in the 
surrounding soil (8.8%, P < 0.05) or in irrigation water (7.5%, P < 0.05).  
4.5 Discussion 
In this chapter, E. coli was isolated from both environmental (water and soil) samples and food 
samples (lettuce leaves) taken at the primary production stage during multiple farm visits at various 
points in the lettuce crop cycle throughout the year. This is in contrast to the majority of studies on 
antimicrobial resistance in E. coli that have used isolates obtained from fecal samples at animal 
production facilities or from food of animal origin (Butaye, 2013; Casteleyn et al., 2006).  
The presence of elevated numbers of E. coli bacteria in vegetable food products is an indicator of 
improper sanitary treatments and fecal contamination with an increased probability of having 
zoonotic pathogens present (Gerba, 2009; Savichtcheva and Okabe, 2006). Lettuce farms need to try 
to restrict the presence of E. coli in irrigation water, in planting soil, and on the marketable lettuce 
crop by using “good agricultural practices” (Codex Alimentarius, 2003b; GlobalGap, 2012). This might 
explain why no E. coli bacteria could be enumerated in the majority of the samples (67% of all 
samples) and in 95 % of the lettuce samples (< 0.7 log CFU/g or < 0 log CFU/100 ml). However, levels 
were high in irrigation water (chapter 2). 
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Table 4.2: Prevalence of antimicrobial resistant Escherichia coli isolated from lettuce (n = 72), soil (n = 171), peat-soil of the seedling (n=66) and irrigation water (n = 
161), seedling (n = 3) not displayed (gh = greenhouse, oa = open field)  
Antimicrobials 
Amount/
disc (µg) 
Lettuce 
(n= 72) 
lettuce gh 
(n= 26) 
lettuce oa 
(n = 46) 
soil 
(n = 171) 
soil gh 
(n= 83) 
soil oa 
(n = 88) 
soil seedling 
(n = 66) 
water 
(n = 161) 
total 
(n = 473) 
  n % n % n % n % n % n % n % n % n % 
Amikacin 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Amoxicillin + 
clavulanic acid 
20/10 8 11.1 5 19.2 3 6.5 8 4.7 3 3.6 4 4.5 1 1.5 3 1.9 20 4.2 
Ampicillin 30 11 15.3 6 23.1 5 10.9 12 7.0 8 9.6 4 4.5 3 4.5 7 4.3 33 7.0 
Cefotaxime 30 0 0.0 0 0 0 0 0 0 0 0 0 0 1 1.5 0 0 1 0.2 
Cephalothin 30 10 13.9 6 23.1 4 8.7 6 3.5 3 3.6 3 3.4 2 3.0 3 1.9 21 4.4 
Chloramphenicol 30 1 1.4 0 0 1 2.1 2 1.2 0 0 2 2.3 2 3.0 4 2.5 9 1.9 
Ciprofloxacin 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gentamicin 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Kanamycin 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Nalidixan 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.6 1 0.2 
Streptomycin 10 4 5.6 0 0 4 8.7 3 1.8 2 2.4 1 1.1 5 7.6 5 3.1 17 3.6 
Sulfonamides 240 4 5.6 1 3.8 3 6.5 3 1.8 2 2.4 1 1.1 2 3.0 5 3.1 14 3.0 
Tetracycline 30 5 6.9 2 7.7 3 6.5 3 1.8 2 2.4 1 1.1 4 6.1 8 5.0 20 4.2 
Trimethoprim 5 5 6.9 1 3.8 4 8.7 5 2.9 3 3.6 2 2.3 4 6.1 5 3.1 19 4.0 
 
 Co
py
rig
ht
Chapter 4 
102 
 
Table 4.3: Antimicrobial resistance pattern of Escherichia coli isolates from lettuce, soil and irrigation water 
sampled at 8 lettuce production farms 
Number of 
antimicrobial 
resistances 
Number of 
isolates 
Procent of 
isolates (%) 
most frequent pattern (n) 
0 419 88.6 - 
1 17 3.6 AMP10 (4) 
2 5 1.1 STR10, TRIM5 (2) 
   AMP10, CEP30 (2) 
3 20 4.2 AMC30, AMP10, CEP30 (9) 
4 3 0.6 AMP10, SULFA, TET30, TRIM5 (2) 
5 2 0.4 AMC30, AMP10, STR10, SULFA, TRIM5 (1) 
   AMP10, STR10, SULFA, TET30, TRIM5 (1) 
6 3 0.6 AMP10, CLR30, STR10, SULFA, TET30, TRIM5 (3) 
7 4 0.8 AMC30, AMP10, CEP30, STR10, SULFA, TET30, TRIM5 (2) 
   AMP10, CEP30, CLR30, STR10, SULFA, TET30, TRIM5 (2) 
total isolates 473 100  
 
This is in agreement with other publications reporting E. coli enumeration prevalence of only 0.3% 
(Schwaiger et al., 2011), 1.6% (Mukherjee et al., 2004) and 8.2% (Boraychuk et al., 2009) on all kinds 
of different fresh vegetables, such as lettuce, tomatoes and onions. 
Significantly more samples with higher E. coli levels (> 1 log CFU/g) were obtained from the open 
field farms than from greenhouse farms. This could be expected, as greenhouses are more isolated 
from environmental influences that can cause contamination (Chapter 3). In particular, if vegetables 
are grown in open fields next to an animal-rearing operation, there is the possibility that produce will 
be contaminated by animals (Jay et al., 2007). Possible fecal (and thus E. coli) contamination is 
further enhanced by precipitation and runoff water from neighboring (pasture) fields along with 
possible flooding of the field with contaminated surface water (Casteel et al., 2006; Curriero et al., 
2001; Rose et al., 2001). Notwithstanding the more frequent isolation of enumerable E. coli in 
samples from open field farms, the antimicrobial resistance rate was significantly lower in E. coli 
isolates from open field samples (17%) than in those from greenhouse samples (30%) (P < 0.05). This 
could be attributed to the finding that the number of resistant E. coli isolates was significant higher in 
the seedling peat-soil used in the greenhouses (P < 0.05). Almost 40% of the E. coli isolates from the 
seedling peat-soil samples used to set up the lettuce crop production in the greenhouses was shown 
to carry antimicrobial resistance genes, compared to only 3% of the E. coli isolated from the peat-soil 
of seedlings being used for the open field farms (P < 0.05). The reason for this increased percentage 
of resistant E. coli isolates is unclear, as no significant difference in the enumeration of E. coli 
between the difference nurseries that produced the seedlings (peat-soil) was observed (P > 0.05). 
The most plausible reason could be the use of a different fertilizer. Fertilizer is known to contain 
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large amounts of antimicrobial resistance genes (Sengelov et al., 2003), and manure management 
influences the environmental fate of the resistance (Baquero et al., 2008). For example, high-
intensity management (amending, watering, and turning) is more effective in reducing the 
prevalence of antimicrobial resistance genes than low-intensity management (no amending, 
watering, or turning) (Storteboom et al., 2007).  
No difference in antimicrobial resistance rates between greenhouses and open field farms was 
observed in E. coli isolates obtained from soil and irrigation water samples (P > 0.05). A significantly 
higher number of antimicrobial resistant E. coli isolates was retrieved from the lettuce leaves than 
from soil or irrigation water (P < 0.05). It is remarkable that although lettuce leaves had far fewer 
isolates than either soil or water samples, the proportion of resistant E. coli was much higher. A 
potential explanation might be that the susceptible isolates from soil and water were all clonal and 
diluted the percentage of resistant isolates. Further research on this topic would be very valuable, as 
it might possibly help to find out which processing steps and/or environmental factors have a major 
effect on the prevalence of resistant bacteria.  
The E. coli contamination of a lettuce primary production environment is complex, as there is usually 
no direct contact with farm animals (there were no farm animals present on the lettuce production 
farms sampled). E. coli is established as a fecal contaminant of zoonotic origin in the lettuce primary 
production environment. Furthermore, it is known that cattle, swine, broiler, and wild animals show 
higher prevalences of (multiple) antimicrobial resistance E. coli strains (Table 4.4 and Figure 4.1) than 
the overall low prevalence of antimicrobial resistant E. coli isolates obtained in this chapter (11.4%).  
This lower level of resistance may be the result of reversibility of the antimicrobial resistance or 
negative selection toward multiresistant plasmids in the absence of the antimicrobial pressure or a 
dilution (Andersson and Hughes, 2011; Guenther et al., 2010; Knezevic and Petrovic, 2008; Osterblad 
et al., 1999; Persoons et al., 2010). 
The chapter confirmed previous results stating that antimicrobial resistant bacteria may be present 
on vegetables. However, in most cases, a direct comparison of studies is difficult because of the 
different type of samples involved, the different scopes of bacterial species targeted, the different 
methods for strain isolation used, or the different antimicrobials tested (Boehme et al., 2004; Hassan 
et al., 2011; Johnston and Jaykus, 2004; McGowan et al., 2006; Osterblad et al., 1999; Schwaiger et 
al., 2011). The results of chapter 4 can only be compared to the few other studies that focused on 
antimicrobial resistance testing of Enterobacteriaceae isolates from fresh vegetables (Hassan et al., 
2011; Osterblad et al., 1999; Schwaiger et al., 2011). 
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Table 4.4: Antimicrobial resistance of Escherichia coli isolates obtained from the lettuce primary production compared to the resistance of Escherichia coli isolates 
obtained from animal primary production or surface water in Belgium 
 
AMI AMC AMP CEF CEP CLR CIP GEN KAN NAL STR SULFO TET TRIM SXT reference 
Lettuce production 0.0 4.2 7.0 0.2 4.4 1.9 0.2 0.0 0.0 0.2 3.6 3.0 4.2 4.0 
  
Pigs 
  
51.0 4.5 
 
26.8 14.0 4.5 3.2 12.7 43.3 58.6 56.7 50.3 
 
Butaye, 2013 
Pigs 
 
12.3 50.8 
    
13.8 
 
27.7 76.9 72.3 
  
53.8 Casteleyn et al., 2006 
poultry 
 
29.5 74.4 
    
9.0 
 
52.6 69.2 74.4 
  
50.0 Casteleyn et al., 2006 
poultry 
  
85.0 19.1 
 
24.3 62.9 5.0 6.9 63.1 60.1 74.3 64.8 63.1 
 
Butaye, 2013 
poultry 
 
0.1 80.2 
  
18.7 
 
0.1 
 
61.2 41.0 
 
61.1 
 
49.8 Persoons et al., 2010 
dairy cattle 
 
14.1 10.3 
    
5.1 
 
10.4 34.6 34.6 
  
0.0 Casteleyn et al., 2006 
cattle 
  
26.6 4.5 
 
14.3 11.0 3.9 5.2 12.3 23.4 28.6 19.5 19.5 
 
Butaye, 2013 
veal calves 
  
70.6 0.0 
 
50.0 41.2 20.6 29.4 41.2 52.9 79.4 73.5 70.6 
 
Butaye, 2013 
hares 
 
4.5 3.0 
    
1.5 
 
3.0 13.6 16.7 
  
1.5 Casteleyn et al., 2006 
surface water 
 
13.0 63.0 
    
6.5 
 
26.1 65.2 71.7 
  
8.7 Casteleyn et al., 2006 
 
 
Co
py
rig
ht
Antimicrobial Resistance 
105 
 
 
 
Figure 4.1: Comparison of multiple resistance patterns among E. coli isolates obtained from various animal species, surface water and lettuce primary production 
(Butaye, 2013; Casteleyn et al., 2006)  
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For example, Osterblad et al. (1999) and Schwaiger et al. (2011) found in agreement with our 
study, no amikacin, gentamicin or ciprofloxacin resistance in Enterobacteriaceae isolates from fresh 
vegetables. In our study, only one isolate was resistant to nalidixic acid, which corresponds to the 
100 % susceptibility detected by Osterblad et al. (1999). Hassan et al. (2011) also observed low 
resistance to kanamycin in E. coli isolates from fresh vegetables. In our survey, the highest 
antimicrobial resistance rates were observed for ampicillin, amoxicillin/clavulanic acid, cephalothin, 
streptomycin, tetracycline, trimethoprim and sulfamethizol. This corresponds to other studies that 
showed, in general, the highest levels (if tested) of resistance to those antimicrobials. Only with 
sulfamethoxazole-trimethoprim (SXT) and streptomycin were highly variable resistance results 
obtained, the resistance rate was quite high (50%) in some cases and low (0%) in others (Hassan et 
al., 2011; Osterblad et al., 1999; Schwaiger et al., 2011). In recent studies, a high prevalence of 
resistance to the third-generation cephalosporin cefotaxime (Hassan et al., 2011; Schwaiger et al., 
2011) was observed, in contrast to this study, where only one isolate showed resistance. 
The results from the present study on antimicrobial resistance of E. coli isolates obtained 
from the plant primary-production side were compared to other Belgian data available for 
antimicrobial resistance rates in E. coli isolates from animal production sources such as poultry, 
cattle, pig, and hares, as well some available data from E. coli isolates obtained from surface water 
(Table 4.4) (Butaye, 2013; Casteleyn et al., 2006; Persoons et al., 2010). Antimicrobial resistance 
varied greatly among the different sources of E. coli isolates. The antimicrobial resistance of 
commensal E. coli is the highest in poultry, followed by pigs and cattle. Veal calves showed 
remarkably higher resistance than cattle, with resistance percentages similar to those of pigs and for 
some comparable to those of poultry. The resistance pattern of the plant production environment 
was closest to that of cattle isolates, as the highest antimicrobial resistance rates were also noted for 
ampicillin, streptomycin, tetracycline, trimethoprim, and sulfamethizole. In comparison to the E. coli 
strains isolated from animal production facilities, E. coli strains isolated from the vegetable 
production chain had a lower overall rate of resistance to almost all of the antimicrobials 
investigated, which has also been noted by others (Osterblad et al., 1999; Schwaiger et al., 2011).  
Because of the EU ban in 1994, chloramphenicol has not been used in nearly 20 years in EU Member 
States, including Belgium (Anonymous, 1990, Schwaiger et al., 2011). However, the percentages of 
the E. coli isolates from both animal production (14 to 50%) and plant production facilities, as 
established in the present study (2%), showed that chloramphenicol resistance were still remarkable. 
Also, the study of Osterblad et al. (1999) noted chloramphenicol resistance in 12% of the 
Enterobacteriaceae isolates obtained from vegetables 
The percentage of resistance to multiple antibiotics occurring among the E. coli isolates was 
lower than in other publications involving E. coli isolates from a variety of animal species. 
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Furthermore, dependent on the animal species, a different multiresistant pattern was observed 
(Butaye, 2013; Casteleyn et al., 2006; Jiang et al., 2011; Knezevic and Petrovic, 2008; Lim et al., 2007; 
Persoons et al., 2010) (Figure 4.1). When the resistance patterns were compared with animal 
profiles, the closest resistance pattern found was the pattern of cattle. This may suggest that cattle 
are a potential reservoir of antimicrobial resistant E. coli strains in plant primary production. 
Raw foods of animal origin, often studied and known to carry antibiotic resistant commensal 
E. coli or zoonotic pathogenic bacteria, are most of the time heat treated or subjected to an 
equivalent processing technique to inactivate micro-organisms before consumption. The transfer of 
antimicrobial resistant bacteria in those type of foods to humans is probably minimal (Wang et al., 
2012). Exposure is still possible because of cross-contamination in the kitchen (Depoorter et al., 
2012). However, the present study and also other studies have revealed an antibiotic resistance pool 
in foodborne commensal bacteria in many ready-to-consume food products (Bezanson et al., 2008; 
Ruimy et al., 2010; Schwaiger et al., 2011). Because many of these foods (including fresh produce 
such as lettuce) are directly consumed without further processing, antimicrobial resistant bacteria 
can be directly transmitted to humans through daily food intake (Wang et al., 2012). As there is a 
potential to pass resistances to other bacteria, including those normally present in the human 
gastrointestinal tract, ready-to-eat foods such as fresh produce may serve as a vehicle for expanding 
the pool of antibiotic resistances available to (pathogens or other) bacteria inhabiting humans 
(Bezanson et al., 2008). If these resistance genes are transferred to human pathogenic bacteria, 
infections may become more difficult to treat. Although assessments of exposure to antimicrobial 
resistant E. coli through consumption of meat (via undercooking or cross-contamination) have been 
published (Depoorter et al., 2012; Presi et al., 2009), transmission via vegetable consumption has not 
been considered because of a lack of data on prevalence of resistant E. coli in vegetable production. 
This chapter can fill this data gap.  
 
4.6 Conclusion 
This chapter determined the presence of antimicrobial resistant E. coli on vegetables and in a 
vegetable production environment, illustrated by the case study of lettuce. It proved that vegetables 
may act as a reservoir and vector for antimicrobial resistance. It can be highlighted that E. coli 
isolates from the lettuce crop showed a higher antimicrobial resistance rate than those from soil or 
irrigation water samples. The percentage of multiresistance to antibiotics among the E. coli isolates is 
lower than that in other publications involving E. coli isolates from a variety of animal species. The 
antimicrobial resistance patterns suggest cattle as the main source of commensal resistant E. coli 
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contamination, as the presence of resistance and resistance patterns with animal profiles are the 
most comparable to what is found in cattle. Because fresh produce such as lettuce are directly 
consumed without further microbial inactivation treatment, it may contribute directly to human 
exposure to antimicrobial resistant bacteria. This study emphasizes the need for “good agricultural 
practices” to keep fecal contamination and E. coli levels low. To reduce the probability not only of 
exposure to human-pathogenic zoonotic bacteria but also of exposure to antimicrobial resistant 
commensal E. coli.  
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Chapter 5 Insight in prevalence and distribution of microbial 
contamination to evaluate water management in fresh 
produce processing industry 
 
5.1 Abstract 
This chapter provided insight into the degree of microbial contamination in the processing chain of 
pre-packed (bagged) lettuce in two Belgian fresh-cut processing companies. The pathogens 
Salmonella spp. and Listeria monocytogenes were not detected. Total psychrotrophic aerobic counts 
(TPACs) in water samples, fresh produce and environmental samples suggested that TPAC is not a 
good indicator of overall quality and best manufacturing practices during production and processing. 
Because of the high TPACs in the harvested lettuce crops, the process water becomes quickly 
contaminated, and subsequent TPACs do not change much throughout the production process of a 
batch. 
The hygiene indicator E. coli was used to assess the water management practices in these two 
companies in relation to food safety. Practices such as insufficient cleaning and disinfection of 
washing baths, irregular refilling of the produce wash baths with water of good microbial quality, and 
the use of high product/water ratios resulted in a rapid increase of E. coli in the processing water, 
with potential transfer to the end product (fresh-cut lettuce). The washing step in the production 
process of fresh-cut lettuce was identified as a potential pathway for dispersion of micro-organisms 
and introduction of E. coli to the end product via cross-contamination. An intervention step to reduce 
microbial contamination is needed, particularly when no sanitizers are used as is the case in some EU 
countries. Thus, from a food safety point of view proper water management (and its validation) is an 
essential point in the fresh-cut processing industry. Co
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5.2 Introduction 
Water used in direct contact with food products must be potable water according to EU Hygiene 
Regulation (EC) 852/2004 (Anonymous, 2004). The regulation stipulates further that recycled water 
can be used if the water does not present a risk of contamination. This water should be of the same 
quality as potable water (Anonymous, 2004) unless the competent authority is satisfied that the 
quality of the water cannot affect the wholesomeness of the foodstuff in their finished form 
(Anonymous, 2004). In Belgium, the competent authority (Federal Agency for the Safety of the Food 
Chain) allows use of clean or recycled water (m < 3 log CFU E. coli/100 ml) to remove dirt during the 
first washing steps for vegetables. However, the initial water quality of the water in the last wash 
bath must meet the standards of potable water (Jacxsens, 2010a). In the Food Safety Management 
System (FSMS) information on (a) various sources of water used, (b) the quality of the water applied 
in certain steps of the process (Casani & Knøchel, 2002; Jacxsens, 2010a), (c) validation of that ratio 
of product/wash water and (d) validation of frequency of refilling the wash water (FDA, 2008; 
Jacxsens, 2010; Pirovani et al., 2004) should be registered. Currently, there is little scientific 
information on the actual status of water management for the processing of fresh-cut lettuce 
(Jacxsens, 2010a; Jacxsens et al., 2010b). 
The objective of the chapter is to gain insight into the impact of the water quality on the 
microbial quality, hygiene, and safety level of fresh-cut lettuce products from representative 
processing companies providing products for Belgian domestic consumption. This analysis was 
conducted to identify bottlenecks in water management and the management of food safety in 
general. The structure of and principles behind the Microbial Assessment Scheme (MAS) protocol as 
elaborated for the meat and dairy processing companies (Jacxsens et al., 2009; Sampers et al., 2010) 
was adapted to the fresh-cut produce processing industry in which water is an important potential 
source of microbial contamination. Samples were analyzed for multiple microbial parameters and for 
differences between results at three time intervals within the time frame of one batch. These tests 
were repeated for three batches (during multiple weeks).  
5.3 Materials and Methods 
5.3.1 Sampling of the companies and fresh-cut produce 
Two Belgian fresh produce processing companies were involved in this study. Both companies had an 
average daily processing capacity of 10 tons of vegetables, which were obtained from a variety of 
farmers and the public auction. The Food Safety Management System of company 1 was certified as 
conforming to the voluntary commercial standards of the British Retail Consortium (BRC, 2008). The 
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FSMS of company 2 was certified as conforming to the commercial International Food Standard (IFS, 
2007). An overview of the production process is illustrated in Figure 5.1.  
 
Process
Input
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Output
Manual 
Manipulation
Weighing Unit
Hands
Wash Bath 2
Water tap
Wash bath 3 Dryingcutting
CSL4
T1
T2
T3
CSL1
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T1
T2
T3
lettuce
Conveyer belt
CSL3
T1
T2
T3
Wash water 1 Wash water 2 End Product
CSL8
T1
T2
T3
CSL9
T1
T2
T3
CSL7
CSL6
CSL5
T1
T2
T3
Wash bath 1 Packaging
Wash water 3
Water source
CSL10
T1
T2
T3
  
Figure 5.1: Processing scheme fresh-cut leafy vegetables 
The companies produced several batches of fresh-cut produce per day. The batch sampled at 
company 1 was a mixed chicory salad containing radicchio (33%), sugar loaf (33%) and curled endive 
(33%). The bath sampled at company 2 was a mix of lettuce and herbs containing butterhead lettuce 
(98%) and a parsley and chive mixture (2%). The parsley and chives were processed on a different 
processing line and added to the end product before packaging. 
Sampling occurred during the processing of one batch (product processed during one time interval 
on one production line) of the mixed salad (company 1) or lettuce with herbs (company 2). The 
period between two samplings ranged from 1 to 2 h depending upon the processed production 
volume. Company 1 used two wash baths with temperatures of 4 + 2 °C . Company 2 used three 
wash baths with temperatures of 12 + 3°C. Details on the different production volumes and water 
management at the two companies are shown in Table 5.1. 
 
Validation of the performance of the water management was accomplished by sampling according to 
the MAS protocol by defining critical sampling locations (CSL), appropriate microbial parameters for 
analysis, the sampling frequency, the selection method, and a method of analysis. 
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Table 5.1: The different production parameters of the two visited companies ( - not applicable). T1: amount 
of kg leafy vegetables processed at the first sampling moment. T2: amount of kg leafy vegetables processed 
at the second sampling moment. T3: amount of kg leafy vegetables processed at the third sampling moment 
 Company 1 Company 2 
 Visit 1 Visit 2 Visit 3 Visit 1 Visit 2 Visit 3 
Groundwater source: chlorine NA NA NA NA NA NA 
Groundwater tap: chlorine 5-10 ppm 5-10 ppm NA NA NA NA 
Production Volume 200 kg 400 kg 600 kg 634 kg 320 kg 350 kg 
Sampling: T1 
T2 
T3 
0 kg 
100 kg 
200 kg 
0 kg 
200 kg 
400 kg 
0 kg 
300 kg 
600 kg 
0 kg 
317 kg 
634 kg 
0 kg 
160 kg 
320 kg 
0 kg 
175 kg 
350 kg 
Product Mixed Salad Mixed Salad Mixed Salad Lettuce with 
herbs (2%) 
Lettuce with 
herbs (2%) 
Lettuce with 
herbs (2%) 
Product on the line 1st 1st 2nd 2nd 2nd 1st 
NA: Not applicable 
5.3.2 Identification of critical sampling locations 
Critical sampling locations (CSL) in the processing of the fresh-cut lettuce are shown in Figure 5.1. 
Insufficient control of these locations may have a detrimental effect on the microbial quality and 
safety of the end product (Jacxsens et al., 2009; Sampers et al., 2010). The locations were classified 
into three distinct categories (Table 5.2). 
CSLs 1 and 2 concerned the fresh (cut) produce, i.e., the raw material (leafy vegetable crops) at the 
time of arrival at the company and the end product (packed pre-cut mixed lettuce). CSLs 3 through 5 
concerned food handlers’ hygiene (hand and gloves) in the processing plant and the environmental 
hygiene in areas such as the conveyor belt and the weighing unit. CSLs 6 and 7 concerned the quality 
of the borehole water at the source and the tap. CSLs 8 through 10 concerned the water quality 
during the wash steps in the fresh-cut produce production process.  
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Table 5.2: Protocol elaborated for microbiological sampling and interpretation in a fresh-cut processing 
company. CSL1-2: Produce Samples, CSL3-5: Environmental Samples, CSL 6-10: Water Samples 
CSLa Description Microbiological  
Parameters 
Interpretation of the results  Reference 
1 Radicchio, Sugar Loaf 
and Curled endive 
(company 1) or Lettuce, 
parsley, chive and the 
mixture (company 2) at 
the receipt. 
TPAC 
E. coli 
L. monocytogenes 
Salmonella spp. 
 
m< 102,M<103  
Absent/25 g  
Absent/25g  
 
 
Guidelines (Uyttendaele et al., 2010) 
2 End product TPAC 
E. coli 
L. monocytogenes 
Salmonella spp. 
  
m< 102,M<103  
Absent/25 g  
Absent/25g  
 
 
Legislation (Anonymous, 2005) 
 
3 Food handlers’ hands or 
gloves during 
manipulation 
E. coli 
S. aureus 
< 0.7 log CFU/25 cm² (below detection) 
< 1.7 log CFU/25 cm² (below detection) 
 
4 Conveyer belt in front 
of the packaging 
TPAC 
E. coli 
L. monocytogenes 
 
< 0.7 log CFU/50 cm² (below detection) 
Absent/50 cm² 
 
Guidelines (Uyttendaele et al., 2010) 
 
5 Weight unit in front of 
the packaging 
TPAC 
E. coli 
L. monocytogenes 
 
< 0.7 log CFU/50 cm² (below detection) 
Absent/50 cm² 
 
6 Bore hole source TPAC 
E. coli 
Coliforms 
Enterococci 
Control Chart 
Absent/100 ml 
Absent/100 ml 
Absent/100 ml 
 
 
 
Potable water (Uyttendaele et al., 2010) 
7 Bore hole tap TPAC 
E. coli 
Coliforms 
Enterococci 
Control Chart 
Absent/100 ml 
Absent/100 ml 
Absent/100 ml 
 
 
8 Water in first wash bath 
Company 1 and 2 
 
TPAC 
E. coli 
Coliforms 
Enterococci 
No leg/guid 
T1 = m<10³,M<104/100 ml 
No leg/guid 
No leg/guid 
T1 = guidelines 
clean water 
(Jacxsens, 
2010a) 
 
T2, T3 = no legislation, guideline: 
the frequency of refilling the clean 
water or the amount of used water 
is recorded in the FSMS based on 
the microbiological, and/or 
chemical and/or physical load of 
the end product (Jacxsens, 2010a) 
9 Water in second wash 
bath 
Only for company 2 
 
TPAC 
E. coli 
Coliforms 
Enterococci 
No leg/guid 
T1 = m<10³,M<104/100 ml 
No leg/guid 
No leg/guid 
T1 = guidelines 
clean water 
(Jacxsens, 
2010a) 
 
T2, T3 = no legislation, guideline: 
the frequency of refilling the clean 
water or the amount of used water 
is recorded in the FSMS based on 
the microbiological, and/or 
chemical and/or physical load of 
the end product (Jacxsens, 2010a) 
10 Water in last wash bath 
Company 1 and 2 
TPAC 
E. coli 
Coliforms 
Enterococci 
T1 = Control Chart 
T1 = Absent/100 ml 
T1 = Absent/100 ml 
T1 = Absent/100 ml 
T1 = legislation 
potable water 
(Anonymous, 
2002b) 
 
T2, T3 = no legislation, guideline: 
the frequency of refilling the 
potable water or the amount of 
used water is recorded in the FSMS 
based on the microbiological, 
and/or chemical and/or physical 
load of the end product (Jacxsens, 
2010a) 
aCritical Sampling Locations (CSL), analyzed microbiological parameters and interpretation of the results for food products (in log CFU/g 
product, m = guide value, M = upper limit), food contact surfaces and hands/gloves (log CFU/x cm²),water according to requirements of 
potable water (Anonymous, 2002b) or clean water (Jacxsens, 2010a) on T1= first sampling moment, no guidelines available for T2 = second 
sampling moment and T3 = third sampling moment. 
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5.3.1 Frequency of sampling 
Each company was visited three times from April to October 2010. During each visit, one sample was 
taken for CSL 1, and three samples were taken for CSL 2. Sampling for CSL 2 occurred three times 
during production of the batch: start (T1), middle (T2) and end (T3).  
One sample at each of the three sampling times was collected from the gloves and/or hands of a 
food handler in charge of the first manipulation in the processing plant (CSL 3). The food contact 
surfaces (CSLs 4 and 5) were sampled at three times during production (start, middle, and end of a 
batch). One sample was collected from each water source (CSLs 6 and 7) during processing, and three 
samples (start, middle, and end of a batch) were taken from the wash water (CSLs 8 through 10) 
(Table 5.2). The first sample (T1) indicated the initial quality of the water in the wash baths before 
the product was introduced. The second (T2) and third (T3) samples of the processing water were 
collected after half the batch and after the full batch, respectively, had been washed. 
5.3.2 Sampling methods 
A total of 250 g of fresh produce was collected with sterile tweezers or disinfected gloves and put 
directly into a sterile stomacher bag. Water samples were collected into sterile 1 L Schott bottles 
according ISO 19458:2006 (ISO, 2006b). Where necessary, sodium thiosulfate was added to 
neutralize the chlorine. The food handlers’ hands and/or gloves and the food contact surfaces were 
sampled with sterile swabs. Aseptic templates covering 25 cm² (food handlers’ hand and/or gloves) 
or 50 cm² (conveyer belt and the washing unit) were used to delineate the sampling area. A sterile 
swab moistened in 5 ml of sterile peptone water of demi-Fraser medium (for detection of L. 
monocytogenes) was used to swab a delimited area (vertically, horizontally, and diagonally). The 
sample swab was then aseptically returned to the tube. All the samples were stored and transported 
in the laboratory in the dark at < 4°C, where further handling and microbial analysis were conducted 
within 4 - 24 h. 
5.3.3 Selection of microbial parameters 
Depending on the CSL and its relevance to the fresh produce or water, various microbial parameters 
were selected (Table 5.2). Coliforms, E. coli, and enterococci were used as hygiene indicator 
organisms. Coliforms were used as an indicator for assessing water quality and sanitation but not 
necessarily as an indicator of fecal contamination (Gerba, 2009). Enterococci and E. coli are more 
likely associated with and monitored as indicators for fecal pollution (Ashbolt et al., 2001). Although 
high total psychtotrophic (22°C) aerobic bacterial counts (TPACs) were expected to be associated 
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with leafy vegetables and processing water that had been in contact with (soiled) crops, these counts 
were determined to assess the usefulness of the TPAC as a process and/or utility indicator. A utility 
indicator is an indicator of overall microbial quality. For leafy vegetables, the pathogens Salmonella 
spp. and L. monocytogenes were analyzed. Staphylococcus aureus was selected as an indicator for 
personnel hygiene (Jacxsens et al., 2009; Uyttendaele et al., 2010). 
5.3.4 Analytical methods 
For enumeration purposes, 10 g of produce was weighed in a stomacher bag and homogenized for 1 
min in 90 ml peptone physiological saline. For the qualitative detection of Salmonella spp. or L. 
monocytogenes, 25 g was weighed in a stomacher bag and homogenized for 1 min in 225 ml of 
buffered peptone water and demi-Fraser broth, respectively, to start primary enrichment. Swab 
samples were vortexed for 10 s, and this solution was used to make serial dilutions for quantitative 
purposes or was incubated in the primary enrichment medium for detection of pathogens. Microbial 
analyses were conducted using the standard (ISO) or alternative (rapid) methods validated according 
to ISO 16140:2003 (ISO, 2003c). 
5.3.5 Fresh produce samples 
For the TPAC, reference method ISO 4833:2003 was used (ISO, 2003a) except that the plates were 
incubated at 22°C for 5 days instead of at 30°C for 3 days. Inoculated plates of RAPID’E.coli 2/Agar 
(BioRad, France), a selective chromogenic medium, were incubated for 24 h for enumeration of E. 
coli (AFNOR, 2004b); and ISO 6888-1: 1999/Amd.1:2003 was used for the enumeration of S. aureus 
on the food handlers’ hand and/or gloves (i.e. the Baird Parker technique) (ISO, 2003b). For detection 
of L. monocytogenes, the VidasLMO2 Assay (BioMérieux, France) was used (AFNOR, 2004a). When a 
positive result was obtained with the VidasLMO2 test, the standard method for enumeration was 
used (ISO, 1998). The Vidas Easy SLM Assay (bioMérieux, France) was used for the detection of 
Salmonella spp. (AFNOR, 2005) . 
5.3.6 Water samples 
For water samples, cultivable micro-organisms were enumerated according to ISO 6222:1999 (i.e. 
plating on PCA and incubation for 48 h at 37°C and 72 h at 22°C) (ISO, 1999). E. coli and coliform 
bacteria were analyzed according to ISO 9308-1 (i.e. membrane filtration) except that the RAPID’E. 
coli 2 chromogenic media was used instead of the Tergitol 7 medium (ISO, 2000a). The standard 
Tergitol 7 medium used in preliminary trials was not selective enough to suppress competitive flora 
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in the wash water, which interfered with reliable enumeration of typical E. coli colonies. Enterococci 
were detected and enumerated using the membrane filtration method ISO 7899-2 (ISO, 2000b). 
5.3.7 Interpretation of the results 
The microbial guidelines issued by the Laboratory of Food Microbiology and Food Preservation of 
Ghent University (LFMFP-UGent) (Uyttendaele et al., 2010) and the legal microbial criteria outlined in 
EU Commission Regulation (EC) 2073/2005 (Anonymous, 2005) were the basis for assessing 
compliance (satisfactory or unsatisfactory results) of the fresh produce samples (Table 5.2).  
Interpretation of the results of the food contact materials and food handlers’ hands and/or gloves 
was based on internal guidelines used by LFMFP-UGent (Uyttendaele et al., 2010):pathogens need to 
absent, and E. coli and S. aureus need to be below the detection limit (Table 5.2). 
The microbial quality of the water was interpreted according the Belgian self-checking guide G-14 for 
the fresh produce processing industry (Jacxsens, 2010a). Clean water (i.e. reused water or 
groundwater of a certain microbial quality; Table 5.2) can be used in the first wash baths to start the 
washing process (T1) (m = 3 log E. coli/100 ml). The initial quality of the last wash bath must meet 
potable water standards according to EU Council Directive 98/89/EC (Anonymous, 2004). No 
guidelines were available for the microbial quality of the water at subsequent sampling times (T2 and 
T3). However, the self-checking guide mentions that the washing process may not lead to further 
contamination of the product, and consequently the frequency of refreshing and/or refilling of the 
water should be determined by the company (Table 5.2).  
5.4 Results  
 The detailed results for the three visits at each company are given in Table 5.3 (CSL1-10) and in 
Figure 5.2 (CSL 6-10). In the present study, no pathogens (Salmonella spp. and L. monocytogenes) 
were detected (absence in 25 g or 50 cm²; 27 samples evaluated).  
E. coli and S. aureus were not detected on the food handlers’ hands and/or gloves (below detection 
limit of 0.7 log CFU/25 cm² for E. coli and 1.7 log CFU/25cm² for S. aureus; 9 samples evaluated per 
company). 
Minor differences were noted between visits and companies for the overall microbial contamination 
(determined by TPAC) on the pre-packed fresh-cut end product, in the water, and of the 
environmental samples. Results for the hygiene indicator E. coli and enterococci were useful for 
validating the processing practices and the performance of food safety management systems.  
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Table 5.3: Detailed results of company 1 and 2 (three visits). Concentrations in log CFU/g for product 
samples, in log CFU/25 cm² for workers hands/gloves, in log CFU/50 cm² for environmental samples. For the 
water in log CFU/ml for TPAC and in log CFU/100 ml for E. coli, enterococci and coliforms. TPAC: Total 
Psychrotrophic Aerobic Count, LMO: L. monocytogenes, SLM: Salmonella spp. A: Absence/25g. Numbers in 
brackets, the amount of samples exceeding the guidelines or legislation 
Company 1 
CSL Description n Utility parameter Hygiene parameters Pathogens 
  
69 TPAC S. aureus E. coli Coliforms Enterococci LMO SLM 
1 Radicchio 3 3.31 – 6.41 - < 1 (0/3) - - A (0/3) A (0/3) 
1 Sugar Loaf 3 6.63 – 7.41 - < 1 (0/3) - - A (0/3) A (0/3) 
1 Curled endive 3 7.15 – 7.48 - < 1(0/3) - - A (0/3) A (0/3) 
2 End product 9 5.75 – 6.87 - < 1 - 1.90 (0/9) - - A (0/3) A (0/3) 
3 Workers hands/gloves 9 - < 1.7 < 0.7 (0/9) - - - - 
4 Conveyer 9 3.12 - 4.78 - < 0.7 (0/9) - - A (0/3) - 
5 Weighed Unit 9 3.16 – 5.00 - < 0.7 – 1.85 (2/9) - - A (0/3) - 
6 Bore hole source 3 < 0 - < 0 < 0 < 0 - - 
7 Bore hole tap 3 < 0 – 1.18 - < 0 < 0 < 0 - - 
8 1st wash bath 9 < 0 – 6.48 - < 0 – 4.72 < 0 – 6.28 < 0 – 3.18 - - 
10 2nd wash bath 9 0.65 – 6.18 - < 0 – 3.60 < 0 – 6.18 < 0 – 2.96 - - 
Company2  
CSL Description n Utility Parameter Hygiene Parameters Pathogens 
  
80 TPAC S. aureus E. coli Coliforms Enterococci LMO SLM 
1 Lettuce 3 5.13 – 7.28 - < 1(0/3) - - A (0/3) A (0/3) 
1 Parsley 3 7.49 – 9.81 - 1.30 – 2.20 (1/3) - - A (0/3) A (0/3) 
1 Chive 2 6.18 – 7.43 - 1.00 – 1.54 (0/2) - - A (0/3) A (0/3) 
1 Mixture parsley and chive 3 7.41 – 8.67 - 1.15 – 2.35 (1/3) - - A (0/3) A (0/3) 
2 End product 9 5.70 – 6.93 - < 1 – 2.65 (3/9) - - A (0/3) A (0/3) 
3 Workers hands/gloves 9 - < 1.7 < 0.7 (0/9) - - - - 
4 Conveyer 9 5.40 – 6.71 - < 0.7 – 1.42 (3/9) - - A (0/3) - 
5 Weighed unit 9 5.58 – 6.29 - < 0.7 - 1.54 (3/9) - - A (0/3) - 
6 Bore hole source 3 < 0 – 2.63 - < 0 0.80 - 2.18 < < 0 - 0.54 - - 
7 Bore hole tap 3 2.35 – 2.78 - < 0 < 0 – 2.18 < 0.15 – 1.40 - - 
8 1st wash bath 9 > 4.48 – 6.61 - 1.11 – 3.61 3.96 – 6.29 1.20 – 3.10 - - 
9 2nd wash bath 9 > 4.48 – 6.46 - 1.30 – 5.08 4.11 – 6.36 1.19 – 4.17 - - 
10 3th wash bath 9 > 4.48 – 7.01  0.15 – 5.26 4.15 – 6.19 1.04 – 4.04 - - 
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Company 1 Company 2 
a a 
  
b b 
  
c c 
  
Figure 5.2: Company 1 and 2, distribution of the E. coli (a), distribution of Enterococci (b) and distribution of TPAC (c) for CSL 6-10 in wash water: first visit ( ), second 
visit (X) and third visit ( ) – detection limit: < 0 log CFU/100 ml – T1: sampling 1, T2: sampling 2: T3 sampling 3. 
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Company 1. Figure 5.2 shows the absence of E. coli and enterococci in the input water 
(borehole water). No E. coli and enterococci were detected at the start of the process in the wash 
baths (T1). In general, an increase in contamination was observed during processing up to 3.5 log 
CFU/100 ml for both enterococci and E. coli. However, on one occasion a spike up to 5 log CFU/100 
ml was observed for E. coli. The E. coli counts were low or below detection limit (CSLs 1 and 2, < 1 log 
CFU/g, CSL 3, < 0.7 log CFU/25 cm²; CSLs 4 and 5, < 0.7 log CFU/50 cm²) for the majority of fresh 
produce and environmental samples analyzed. 
The pre-packed fresh-cut produce end product showed E. coli contamination at the last sampling 
moment (T3) during the three visits with a maximum of 1.9 log CFU/g (Table 5.3) observed during the 
visit with the 5 log CFU E. coli/100 ml peak in the wash baths.  
Company 2. E. coli was absent per 100 ml for all the input water samples, but enterococci 
were detected. During the first visit, the E. coli and enterococci levels in the washing baths were high, 
with up to approximately 5 and 4 log CFU/100 ml, respectively, but the E. coli and enterococci levels 
in the baths were lower during the second and third visits. In the raw materials, E. coli levels were 
below the detection limit on the lettuce but present on the herbs. During visits 2 and 3, low numbers 
(near or below the detection limit) of E. coli were found for the samples taken further in the 
production line. However, during visit 1, E. coli was found on both the conveyor belt and the 
weighing unit, and up to 2.7 log CFU/g was found on the pre-packed fresh-cut product (Table 5.3).  
5.5 Discussion 
Foodborne disease outbreaks associated with leafy vegetables have been reported, and the 
prevalence of pathogens on leafy greens has been established (Beuchat, 1996; Beuchat, 2006; 
Delaquis et al., 2007; Harris et al., 2003; Sivapalasingam et al., 2004). In our study, no Salmonella spp. 
or L. monocytogenes were detected at any of the CSLs. However, this finding need to be interpreted 
with caution, taking into account the small number of samples analysed (18 samples for company 1 
and 21 samples for company 2). The limitations of the sampling plans and microbial analyses need to 
be noted, in particular for the pathogens characterized by a low prevalence (<0.1-1%) in fresh 
produce. A negative result does not provide sufficient evidence that the tested batch is not 
contaminated with these pathogens (Dahms, 2004; ICMSF, 2002; Legan et al., 2001).  
Thus, to assess overall quality, hygiene, and functioning of food safety management systems, the 
focus in chapter 5 was also on other microbial parameters. However, in the context of verification 
and trend analysis of the companies’ food safety management plans, management must have a 
sampling and analysis plan of nine lettuce crops per batch and a pooled analysis (3 by 3) for 
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pathogens and hygiene indicator E. coli. The TPACs for the lettuce crops (raw material) in the two 
companies were in agreement with reported levels for leafy vegetables, which range from 3 to 7 log 
CFU/g (Allende et al., 2004; da Cruz et al., 2008; Kaneko et al., 1999; Olmez & Kretzschmar, 2009). 
Overall, leafy vegetables often have high and variable microbial contamination due to exposure 
during crop production within a diverse microbial ecosystem. TPACs in the wash water increased 
quickly after introduction of the first batch of raw materials, and high levels were maintained. TPACs 
were not directly correlated with levels of hygiene indicators such as E. coli or enterococci. Thus, the 
TPAC is not considered a good indicator of overall microbial quality and good practices during 
production and processing for either the water samples or the fresh produce or environmental 
samples. The effect of washing on TPACs on the produce was negligible. In other studies, 1 to 2 log 
reductions were performed in the laboratory under simulated conditions, whereas our study was 
conducted in processing plants under actual processing conditions (Beuchat, 1998; Lopez-Galvez et 
al., 2010; Seymour, 1999). 
The results obtained for the hygiene indicator E. coli and information on the product/water 
ratio in the washing baths and the frequency with which the baths were refilled revealed that water 
management is an essential point in the production of pre-packed fresh-cut produce. The two 
companies differed in their water management plans. Company 1 generally chlorinated the borehole 
water with 5 to 10 ppm; thus, all borehole water samples from company 1 met the legal definition 
for potable water (Table 5.2 and 5.3) (Anonymous, 1998; Anonymous, 2002b). The initial 
contamination by E. coli, enterococci and the TPACs in the wash baths were low due to the refilling of 
the baths between batches and proper cleaning and disinfection of the equipment overnight. The 
initial status of the water in the first wash bath met the criteria for potable water during the first two 
visits, even though clean water was used there (Table 5.1). Higher initial levels of E. coli and 
enterococci were found during the last visit; no chlorine had been added, and the previous batch of 
produce on the line could have left some residual microbial contamination even though the baths 
had been refilled. However, the water in the first wash bath met the standard for clean water (< 3 log 
E. coli/100 ml) (Table 5.2 and 5.3) (Jacxsens, 2010a). The initial water quality in the last wash bath 
was in compliance with the legal criteria for potable water (absence of E. coli and enterococci per 
100 ml) during all visits (Table 5.2 and 5.3). Once the actual production and processing of fresh-cut 
lettuce had started, the levels of E. coli in the processing water in the various washing baths 
increased. However, none of the end product (the pre-packed fresh-cut lettuce) sampled during the 
three visits exceeded the EU Regulation 2073/2005 legal limit of 2 log E. coli/g (Anonymous, 2007) 
even with the spike up to 5 log E. coli/100 ml in the first washing bath during the second visit. 
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No disinfection was used between the source of the borehole water and the borehole water tap in 
company 2. A decrease in water quality was found between the source and the tap, suggesting the 
presence of a biofilm in the water pipes (Hallam et al., 2001; Szewzyk et al., 2000). As a consequence, 
none of the samples of the initial water used for the three wash baths met the criteria of potable 
water (absence of E. coli and enterococci in 100 ml) (Anonymous, 2002b) at the start of the 
production process (Table 5.2 and 5.3). The initial microbial load of the wash water in the baths also 
was high because the company did not refill the water between subsequent batches except during 
the last visit. However, even during the last visit, the initial contamination of the water in the baths 
(before processing started) was high, indicating insufficient cleaning and disinfection of the 
equipment overnight (Aarnisalo et al., 2006). Although the levels did not meet the criteria of potable 
water, the initial contamination (T1) of the first and second wash bath did meet the E. coli criteria for 
clean water (< 3 log CFU/100 ml), which is allowed according to the self-checking guide (Table 5.2) 
(Jacxsens, 2010a). However, consistent control over the water quality was lacking. At visit 1, the 
water in the first and second wash bath exceeded the 4 log CFU/100 ml for E. coli in clean water 
(Jacxsens, 2010a). The initial water quality in the last bath should meet potable water criteria 
(Anonymous, 2002b) but did not during the three visits. The hypothesis developed was that the high 
levels of E. coli in the wash water (up to 5.2 log CFU/100 ml in the last washing bath) contributed to 
the high level of E. coli on the pre-packed fresh-cut lettuce sampled during visit 1 (ca. 2.5 log CFU/g). 
E. coil on these samples exceeded the acceptable level of 2 log CFU/g but was below the maximum 
tolerable limit of 3 log CFU/g as is prescribed by EU Regulation (EC) 2073/2005) (Anonymous, 2005). 
E. coli was also detected on the fresh herbs (ca. 2 log CFU/g) in the mix produced by company 2. 
Because the pre-packed fresh-cut end product contained only 2% herbs, these herbs probably were 
not the main cause of contamination. The pre-cut lettuce was most likely highly contaminated 
because of cross-contamination with E. coli from the wash water (poor water quality) (Allende et al., 
2008; Luo, 2007). 
The high initial microbial contamination in the baths, in particular in the last wash bath, and the 
unacceptable level for E. coli (noncompliance with legal criteria) indicates the importance of revising 
the water management plan in these companies. This revision need to address important elements 
of the wash process such as the control of the initial water quality, the frequency of refilling and/or 
refreshing the water in the baths, and product/water ratio. Additional contamination of the produce 
during washing must be avoided. Because of the disruption of the physiological state of leaves 
caused by cutting, the cut surface produces large amounts of nutrients that can be used by any 
micro-organism present, resulting in localized microbial proliferation (Doyle & Erickson, 2008; 
Ragaert et al., 2007). 
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The initial water quality changed as the processing progressed, and maintaining the quality of 
processing water should be a point of attention. Reusing processing water or overusing the same 
water when refilling or refreshing water baths results in the buildup of microbial loads, which may 
occasionally also include undesirable pathogens from the crop and present a risk of new or increased 
number of microbial populations (FDA, 2008; Olmez & Kretzschmar, 2009). Because water is an 
excellent vehicle for distributing contamination from one crop to another (Wachtel & Charkowski, 
2002), water quality is of concern in all the steps in which water is in contact with the product as 
water quality can influence both the quality and the safety of the washed product (Allende et al., 
2008; Luo, 2007). 
Considering the current and future water issues (Casani & Knøchel, 2002; UNESCO, 2003; WBCSD, 
2005), an adequate solution to problems of water quality is the use of a sanitation technique that will 
allow managers to maintain high microbial quality and to institute systems for recycling or reuse of 
water (Casani & Knøchel, 2002). Sanitation of the initial wash water and improvements in water 
management and the wash process are more likely to control and eliminate micro-organisms on the 
produce than decontamination of the fresh produce (Baert et al., 2009b; Gil et al., 2009). Various 
water treatment techniques are available, but the efficacy of these techniques is affected by several 
factors, making selection of the most appropriate technique difficult (Gil et al., 2009; Selma et al., 
2008).  
In the EU, the use of a disinfectant to decontaminate produce is not allowed (Anonymous, 1988a). 
However, the use of a disinfectant agent as technological aid is allowed to obtain a certain water 
quality (Anonymous, 2002a). In company 1, chlorination was used as a technological aid to disinfect 
borehole water and to prevent biofilm formation in the pipes (Ndiongue et al., 2005). Concentrations 
of 3 to 7 ppm have been recommended to maintain quality (Delaquis et al., 2004). In Belgium, the 
initial water in the last wash bath must meet the potable water standards (< 0.25 ppm of free 
chlorine residue) (Anonymous, 2002b); thus, such high chlorine concentrations are not allowed. 
Nevertheless, disinfection can reduce water contamination, water consumption, and wastewater 
discharge rates and improving water management (Olmez & Kretzschmar, 2009). Because of reports 
documenting the undesirable by-products of chlorination, alternatives to chlorine are needed that 
assure the safety of the products and maintain the quality and allow water consumed during 
processing to be reduced (Gil et al., 2009; Hrudey, 2009; Olmez & Kretzschmar, 2009; Sadiq & 
Rodriguez, 2004). Ozone, organic acids, peracetic acid, and hydrogen peroxide have generated 
interest as alternative sanitizing agent (Gil et al., 2009; Li et al., 2008; Olmez & Kretzschmar, 2009).  
A proper water management plan is important to guarantee a safe end product (Olmez & 
Kretzschmar, 2009). Therefore, each company should have water management incorporated into its 
food safety management system (Casani & Knøchel, 2002; Deere et al., 2001; Jacxsens, 2010a; Mena, 
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2006) and should document and monitor the sources and quality of water used in the various steps 
of fresh-cut produce production (Allende et al., 2008; Casani & Knøchel, 2002; Mena, 2006). Each 
company also need to evaluate the product/wash water ratio and the frequency with which the 
water in wash baths in changed or refilled (FDA, 2008; Jacxsens, 2010a; Pirovani et al., 2004) to 
complete the water management section of the food safety management system.  
Based on the data obtained in the chapter, E. coli levels of 5 log CFU/100 ml in the wash water must 
be avoided because the end product might be contaminated with unacceptable levels of E. coli (and 
potentially enteric pathogens). E. coli levels of up to 2 to 3 log CFU/100 ml (criterion for clean water 
in the Belgian self-checking guide G-14 for fresh produce processing industry (Jacxsens, 2010a) in the 
last wash bath during processing seem to have no impact on additional transfer of E. coli to the fresh 
produce. However, microbial criteria for clean water should be determined case by case depending 
on the intended use of the water and on the results of a risk assessment. Consequently, no 
consensus on clean water criteria has been reached; various interpretations of the concept clean 
water can be found.  
Further research is needed to determine the source of the E. coli contamination in the water and/or 
fresh produce. E. coli appears to have been introduced occasionally at elevated levels into the 
produce processing water. However, high levels of E. coli were not noted in the chapter, either on 
the raw material (the lettuce crops) or in the water source used for the washing baths. The most 
obvious explanation for the occasional finding of E. coli in the processing water in the washing baths 
is heterogeneous point contamination of a restricted number of lettuce crops that go undetected in 
studies in which sampling is limited. However, highly concentrated point contamination may 
introduce E. coli (or an enteric pathogen) into the processing water, which could impact the overall 
end product quality (Allende et al., 2008). Enterococci levels of 1 to 10 log CFU/g and E. coli levels of 
3 to 10 log CFU/g have been found in bird feces (Anderson et al., 1997; Fogarty et al., 2003; Haack et 
al., 2003; Roll & Fujioka, 1997). Thus, 1 g of bird feces (E. coli at 7 log CFU /g) dropped on a few 
lettuce crops (incoming raw material) would be sufficient to contaminate the water in the washing 
bath at up to 2 log CFU/100 ml. Another potential pathway for E. coli or enteric pathogens to enter 
the produce chain is via contaminated soil attached to the fresh produce (Anderson et al., 2006; 
Selma et al., 2007). Soil contamination might occur in the field via direct excretion by wildlife. 
Indirect contamination may come from agricultural practices (spreading of manure), drainage from 
nearby fields, and carriage on human footwear (e.g., manure from grazing land) (Williams et al., 
2005).  
The microbial quality of the fresh crops (raw material) was an important determinant of the 
microbial quality of the water in the wash baths. A certain degree of contamination is inherently 
linked to the raw material, depending on the conditions in the field and subsequent harvesting 
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conditions. However, the processor is responsible for preventing cross-contamination during 
processing by implementing an affective water management system. This system need to include 
monitoring of the quality of the production process and identification of various contamination 
sources at the farm. 
In conclusion, the results of the chapter concerning two fresh-cut produce processing companies 
gave insight into the water management systems and practices used during processing of fresh 
produce. Washing with water of poor microbial quality increased the potential for cross-
contamination of the fresh-cut produce via the water and affected the microbial quality of the end 
product. When the water in the washing baths was not changed often enough, micro-organisms 
accumulated, resulting in an increasing total microbial load in the processing water during 
production. As a consequence, processing of vegetables through the subsequent washing baths 
resulted in increased rather than decreased contamination. Thus, the wash process cannot be 
identified as an intervention step in the fresh-cut produce industry. The addition of sanitizers to the 
water is an option, but many EU countries do not support or tolerate such additives as per national 
legislation nor are these additives accepted by consumers. 
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Chapter 6 Quantitative study of cross-contamination with E. 
coli, E. coli O157, MS2 phage and murine norovirus in a 
simulated fresh-cut lettuce wash process 
6.1 Abstract 
For this chapter, a commercial lettuce washing process was simulated using two subsequent washing 
baths (WB). The worst case scenario, when no sanitizers are used and still common in most European 
countries, was investigated to fully understand the potential for cross-contamination. The two cross-
contamination processes (from lettuce to water and from water to lettuce) were included in the 
simulation study and the transfer of E. coli, E. coli O157, MS2 phage and murine norovirus was 
quantified. The mean reduction of the initially contaminated lettuce through the washing in two 
successive WB was limited: 0.3 + 0.1 log CFU E. coli/g after washing in WB1 and an additional 
reduction of 0.2 + 0.1 log after WB2. The microbial load of the water in the washing baths, initially 
started off with potable water, increased rapidly during the washing process of the contaminated 
lettuce. Furthermore to quantify the transfer of the four implicated micro-organisms from 
contaminated water to the lettuce, the first washing bath was inoculated with either approximately 
3.0, 4.0 and 5.0 log CFU E. coli/100 ml or 4.8, 5.6 or 6.7 log CFU E. coli O157/100 ml, 4.0, 5.1 or 6.5 
log PFU MS2 phages/100 ml or 6.5 log PFU/100 ml norovirus surrogate MNV-1. The contamination of 
the subsequently washed lettuce portions resulted in levels of ca. 1.0 up to 1.9 log CFU E. coli/g after 
passing the two washing steps. In addition, after a rapid initial increase, due to spill over of water 
from WB1 to WB2, the contamination of WB2 further augmented during the washing process to 
approximately 1.0 to 0.5 log below the inoculation level of WB1. Transfer of E. coli O157, MS2 phages 
or MNV-1 from the water to the lettuce was respectively 0.9% ± 0.3%, 0.5% ± 0.2% and 0.5 ± 0.1% 
after WB1 and resulted in a contamination level for the highest inoculum of WB1 of respectively ca. 
2.9 ± 0.1 log CFU/g, 3.7 ± 0.1 log PFU/g and 4.4 ± 0.1 log PFU/g lettuce. The quantitative data of 
lettuce contamination and transfers established in this chapter further highlight the vulnerability of 
fresh produce to cross-contamination during the washing stage. It stresses that notwithstanding the 
use of initial potable water and partial refreshment of water but without the use of sanitizers, 
microbial pathogens (or indicator organisms) may easily be introduced and reside for prolonged 
periods in washing baths enabling cross-contamination to the final fresh-cut product. C
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6.2 Introduction 
Though water is a useful tool for reducing potential contamination, several publications both in real 
life and lab-scale showed that washing water of inadequate quality has the potential to be a direct 
source of contamination and a vehicle for spreading localized bacterial and viral contamination 
(Allende et al., 2008; Baert et al., 2009b; Gerba, 2009; Gil et al., 2009; Luo, 2007; SCF, 2002; Seymour 
& Appleton, 2001;Wachtel & Charkowski, 2002).  
As antimicrobial agents in fresh-cut produce washing such as chlorine are prohibited in several 
European countries such as Germany, the Netherlands, Denmark and Belgium (Artes & Allende, 
2005; Artes, Gomez, Aguayo, Escalona, & Artes-Hernandez, 2009; Rico, Martín-Diana, Barat, & Barry-
Ryan, 2007), fresh produce processing relies on continuous addition and refreshments of washing 
baths with large amounts of potable water, up to 40 m³/ton of raw produce, to minimize the event of 
accumulation of micro-organisms in the water and transfer of micro-organisms from the water to the 
fresh-cut lettuce (Olmez & Kretzschmar, 2009; Selma et al., 2008; VMM, 2005).  
The two cross-contamination events (from lettuce to water and from water to lettuce) were 
performed separately to gain more insight in transfers and degree of contamination established. 
Bacterial (cross-)contamination with Escherichia coli (O157) was investigated as E. coli is a well-
known indicator for fecal contamination and the possibility of the presence of other more harmful 
organisms such as pathogenic E. coli, Campylobacter spp., Salmonella spp. (Wilkes et al., 2009). 
Firstly, inoculated lettuce was used in the simulation to show the impact of a contaminated incoming 
raw product on the wash water quality of the two washing baths. Secondly, non-inoculated lettuce 
was washed in simulated “reconditioned used” water (water that was used for washing of multiple 
portions of lettuce in a row) of different microbial qualities to determine the degree of cross-
contamination between water and lettuce. And at last, the influence of a final potable water rinsing 
step after the washing steps was evaluated with respect to the effect on the microbial load. 
Viral foodborne outbreaks related to leafy greens such as lettuce have been reported frequently 
(Dewaal & Bhuiya, 2009; EFSA, 2013a). Viral transfer from contaminated fresh produce to the 
washing water has been documented in several disinfection studies (Baert et al., 2009b; Casteel et 
al., 2009), but in-depth studies on the consequence of a contaminated WB on the contamination 
level of lettuce processed in consecutive portions has not been documented before. Therefore, the 
viral transmission from a contaminated WB to three consecutive portions of lettuce was investigated. 
MS2 bacteriophages and murine norovirus (MNV-1), previously identified as adequate models for 
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human pathogenic enteric viral adhesion on inert and lettuce surfaces (Deboosere et al., 2012), were 
used as surrogates for human noroviruses (NoV). 
Currently, extensive data regarding the practical validation of the importance of cross-contamination 
during the washing stage, in particular without sanitizers used as is still often the case in some 
European countries, is missing in the fresh produce supply chain risk assessment (Danyluk & 
Schaffner, 2011; Zhang et al., 2009). As such, the goal of this cross-contamination study was to 
produce useful quantitative data on transfers from water to lettuce and to obtain insights on the 
impact of water management practices in fresh-cut processing on bacterial and viral pathogens’ 
distribution in the fresh produce supply chain. 
6.3 Materials and Methods 
6.3.1 Bacterial strains and inoculum preparation 
A three-strain cocktail of E. coli, previously isolated from lettuce, soil and fresh-cut processing wash 
water, was used. The three strains were also deposited to the Laboratory of Food Microbiology and 
Food Preservation (LFMFP) UGent culture collection: lettuce (nr. 853), soil (nr. 854) and wash water 
(nr. 855). 
A two-strain cocktail of nalidixic acid resistant verotoxin negative (VT-) E. coli O157 strains (LFMFP nr. 
811 and nr. 846) was used. Strain LFMFP 811 was derived from strain CECT 5947 provided by the 
Group on Quality, Safety and Bioactivity of Plant Foods of CEBAS-CSIC (Spain), whereas strain LFMFP 
846 was derived from clinical strain EH1434 from UZ Brussels provided by the Technology and Food 
Science Department of ILVO (Belgium). Nalidixic acid-resistant (NalR) E. coli O157 cultures were 
obtained by consecutive 24 h transfers of Brain Heart Infusion (BHI) cultures to BHI with increasing 
concentrations of nalidixic acid (Nal) (Merck, Darmstadt, Germany) until isolates were resistant to 50 
mg of nalidixic acid per ml. 
To obtain appropriate inocula for E. coli and NalR E. coli O157, the separate strains for both inocula 
were consecutively subcultured twice in respectively 10 ml of nutrient broth and 10 ml of TSB 
supplemented with nalidixic acid (Nal, 50 mg/ml), and incubated at 37°C until the culture reached the 
stationary phase. After the second incubation, cultures were mixed, equal volumes of cell 
suspensions were combined to give approximately equal populations of each culture. The cocktail 
was centrifuged at 1800 g for 10 min at 20°C, washed two times in phosphate buffer, centrifuged 
again and resuspended in phosphate buffer to obtain a final concentration of approximately 9 log 
CFU/ml and 8 log CFU/ml for E. coli and E. coli O157, respectively. 
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6.3.2 Viral strains and inoculum preparation 
A stock of bacteriophage MS2 was obtained in accordance with the standard method of the 
International Organization for Standardization, ISO 10705-1, using Salmonella Typhimurium WG49 as 
a bacterial host (ISO, 1995). Aliquots of the phage stock suspension were stored at -80°C. 
Cells of the murine macrophage cell line RAW 264.7 (ATCC TIB-71; provided by H.W. Virgin, 
Washington University School of Medicine, St. Louis, MO) were grown in complete Dulbecco’s 
modified Eagle’s medium (DMEM) at 37°C under a 5% CO2 atmosphere. Complete DMEM consisted 
of DMEM (Lonza, Walkersville, MD) containing 10% low-endotoxin fetal bovine serum (HyClone, 
Logan, UT), 100 U/ml penicillin, 100 µg/ml streptomycin (Lonza), 10 mM HEPES (Lonza), and 2 mM L-
glutamine (Lonza). 
RAW 264.7 cells were infected with MNV-1.CW1, passage 7, at a multiplicity of infection (MOI) of 
0.05 (MNV-1 to cells) for 2 days. After two freeze-thaw cycles, low-speed centrifugation was used to 
remove cellular debris from the virus lysate (Wobus et al., 2004). The lysate was stored in aliquots at 
-80°C. The titer of MNV-1 (PFU/ml) was determined by plaque assay (Wobus et al., 2004). 
6.3.3 Fresh-cut lettuce and standardized fresh-cut processing wash water 
In all experiments, fresh, unbagged lettuce (Lactuca sativa L. var. capitata) was used. The lettuce was 
purchased from a local market in Belgium and transported at < 4°C to the lab for further handling. 
The outer leaves were removed while the inner leaves were cut into pieces of 3 cm. 
Standardized water was used to simulate used fresh-cut processing water for WB1. This was 
obtained by homogenizing 67 g of lettuce along with 200 ml of tap water for 120 s in a stomacher 
bag containing a filter of approximately 500 µm (VWR). The water was stored at 4°C for 16 h before 
further handling. On the day of the experiment the standardized water was further diluted with tap 
water to obtain a chemical oxygen demand (COD) value of approximately 800 mg/l (López-Gálvez et 
al., 2009; Van Haute et al., 2013a). COD was measured according to the small-scale sealed-tube 
method (ISO, 2002) (LCI 400; Hach Lange; Belgium). When potable municipal water was used, this 
was also pre-cooled at 4°C. C
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6.3.4 Determination of cross-contamination from lettuce to water using E. coli 
as an indicator organism 
In order to determine to which extent fecal contaminated lettuce could be the cause for the 
introduction and maintenance of elevated levels of E. coli in the washing baths, fresh-cut lettuce was 
inoculated with E. coli. Lettuce leaves were cut into slices of 3 cm and grouped in portions of 200 g. 
An inoculum level of ca. 4 log CFU/g of E. coli was obtained by submersion of fresh-cut lettuce for 
one min (with mechanical stirring) in 1.5 l of E. coli contaminated standardized water (5 log CFU E. 
coli/ml), drying by a handheld salad spinner, and grouping the fresh-cut lettuce in portions of 200 g 
and keeping them overnight at 5 + 1 °C until further use for the washing experiment. 
The simulation of an industrial fresh-cut washing process consisted of two subsequent washing baths 
filled with initial (at start of the experiment) potable water. First, E. coli contaminated lettuce 
portions of 200 g were washed in a first washing bath (WB1) by mechanical stirring of 200 g in 4 l of 
potable water (5 + 2 °C, pH = 7.2 + 0.2). After one min the 200 g lettuce was removed from the water 
and spin-dried in a handheld salad spinner for 30 s. 20 g was retained for microbial analysis. The 
remaining 180 g was transferred to a second washing bath (WB2) containing 3.6 l of (initial) potable 
water (and thus establishing in WB2 as in WB1 a product/water ratio of 0.05 kg/l). The fresh-cut 
lettuce was again washed by mechanical stirring for 1 min. After washing in WB2, the 180 g of lettuce 
was removed from the water, spin-dried in a handheld salad spinner for 30 s and again 20 g was 
retained for microbial analysis. This procedure was repeated for ten consecutive portions of lettuce 
(of 200 g), all ten portions passed subsequently through the same two washing baths. For each 
portion of lettuce subjected to the simulation of the industrial fresh-cut washing process, a 20 g 
sample was taken after each washing step and analyzed in double (2 x 10 g) for the presence of E. 
coli. Wash water samples (5 ml) of WB1 and WB2 were taken after washing of each 200 g portion of 
lettuce, to determine the E. coli levels. Also after each portion of 200 g fresh-cut lettuce being 
washed, the washing baths were intermediate supplemented with 50 to 90 ml potable water to the 
initial volume (respectively 4 l for WB1 and 3.6 l for WB2) to account for the water losses during the 
process of fresh-cut lettuce washing and the amount of water taken for testing (approximately 45-85 
ml being the amount of water being adhered to the portion of fresh-cut lettuce being washed and 
taking out of the water bath when recovering the lettuce from the washing bath). The whole 
experiment was conducted in duplicate. 
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6.3.5 Determination of cross-contamination from water to lettuce using E. coli 
as an indicator organism 
In this experiment, WB1 containing 4 l of standardized water (5 + 2 °C, pH = 7.6 + 0.2) was spiked 
with E. coli to evaluate the potential transfer of E. coli from the inoculated standardized washing 
water (without addition of sanitizers) to the fresh-cut lettuce when subjected to a washing procedure 
as is the case in an industrial fresh-cut washing process. Furthermore, the effect of washing the 
fresh-cut lettuce subsequently in a second washing bath (WB2), containing initial potable water (3.6 
l, 5 + 2 °C, pH = 7.2 + 0.2) (product/water ratio starting at 0.05 kg/l) on the residual E. coli 
contamination level on the lettuce was established. The E. coli cross-contamination from the water 
to the lettuce was monitored for ten consecutive portions of 200 g of fresh-cut lettuce being 
subjected to the simulation of the industrial washing process. The E. coli contamination of the 
standardized washing water in WB1 was set in three separate experiments (A, B and C) at approx. 
3.0, 4.0 and 5.0 log CFU E. coli/100 ml. These levels are indicative for various potential levels of E. coli 
load in the water of the washing baths that may be obtained in a fresh-cut lettuce produce 
processing company when no sanitizers are used (Chapter 5). For each E. coli contamination level of 
WB1, the experiment was conducted in duplicate. The same experimental approach for washing the 
fresh-cut lettuce, sampling and analysis was used as mentioned above in Section 6.3.4. A schematic 
representation is depicted in Figure 6.1.  
 
Figure 6.1: Schematic representation of the washing and sampling protocol applied for the determination of 
bacterial and viral transfer from prolonged used water to fresh-cut lettuce. WB1: washing bath 1; WB2: 
washing bath 2; Lett: lettuce. 
Briefly, 5 ml water samples were taken to determine the E. coli levels of WB1 and WB2 after each 
portion of lettuce was washed. Lettuce samples (2 x 10 g) were put aside after each washing step (so 
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of each portion of lettuce involved). After washing, the washing baths were intermediate 
supplemented with the same water quality initially present in the respective wash baths. 
6.3.6 Determination of the effect of a final rinsing step with potable water on 
residual E. coli contamination of fresh-cut lettuce 
This experiment was performed to establish whether rinsing with potable water would be more 
effective to reduce the introduced E. coli load on the washed fresh-cut lettuce (via transfer from the 
water in WB1) than washing (and thus submersion of the fresh-cut lettuce portion) in a second 
washing bath with initial potable water. Four portions of 200 g of cut lettuce were subsequently 
washed in a washing bath with 4 l of inoculated standardized washing water. The experiment was 
performed with three different inoculum levels of E. coli (4.1, 5.2 and 6.4 log CFU E. coli/100 ml). 
However, in this experiment after the first washing bath, the 200 g washed fresh-cut lettuce was not 
transferred to a second washing bath with (initial) potable water. Instead, the 200 g washed fresh-
cut lettuce was subsequently rinsed with a full cone nozzle with potable water for 10 to 20 s applying 
various volumes of rinsing water. The 200 g portions of prior washed (in WB1) fresh-cut lettuce were 
rinsed with respectively 400, 300, 200 and 100 ml of potable water. Four 10 g samples of the fresh-
cut lettuce portion before rinsing and after rinsing were dried by a handheld salad spinner for 30 s 
and analyzed for E. coli numbers. E. coli was also enumerated in the water samples of the WB after 
every portion of fresh-cut lettuce being washed.  
6.3.7 Determination of transfer and cross-contamination of E. coli O157, MS2 
phage and MNV-1 from water to fresh-cut lettuce 
The approach as mentioned in section 6.3.5 for determination and transfer of E. coli from water to 
lettuce was repeated. For the evaluation of the transfer and cross-contamination of E. coli O157 
(NalR, VT-) and MS2 phages only three instead of ten (as in section 6.3.5) portions of fresh-cut lettuce 
were subsequently washed. As such, in three independent experiments (experiment A, B and C), the 
standardized washing water of WB1 (4 L, 5 ± 2°C) was spiked respectively with 4.8, 5.6 and 6.7 log 
CFU E. coli O157/100 ml and 4.0, 5.1 and 6.5 log PFU MS2/100 ml. WB2 contained initially 3.2 L 
(product/water ratio starting at 0.05 kg/L) non-inoculated potable water (5 ± 2°C). A single 
experiment involved the two phase washing of three subsequent portions of lettuce (200 g each) 
with the washing water of WB 1 (10 ml sampled) and WB2 (34 ml sampled) and the fresh-cut lettuce 
being sampled after passing WB1 and WB2 as described in section 6.3.4 (or Figure 6.1) and analyzed 
for the presence of respectively E. coli O157 and MS2 phages. This simulation was also repeated with 
MNV-1 as NoV surrogate virus in a single spiked concentration of 6.5 log PFU/ 100 ml in the 
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standardized washing water in WB1. The pH of the two WBs were measured before the washing of 
each of the three portions of lettuce and was respectively 7.5 ± 0.1 and 7.9 ± 0.1 for WB1 and WB2.  
6.3.8 Bacterial analysis 
For E. coli and NalR E. coli O157 enumeration in lettuce, 10 g of lettuce was weighed in a stomacher 
bag and homogenized for 1 min in 90 ml peptone water (Oxoid, UK). Tenfold dilution series were 
prepared in peptone physiological salt and enumerated using the pour plate method on RAPID’E.coli 
2/Agar (BioRad, France) and on Chromocult coliform-Nal+ agar (Merck) (Nal, 50 mg/ml) for 
respectively E. coli (AFNOR, 2004) and E. coli O157. Plates were incubated at 37°C for 18-24 h. Due to 
the expected low concentration, the enumeration of E. coli in water of the washing baths was 
analyzed according to ISO 9308-1 (i.e. membrane filtration) although the less selective tergitol 7 
media was replaced by Rapid’E.coli 2 chromogenic media (Biorad, France) (ISO, 2000a).  
The enumeration of NalR E. coli O157 in water was performed by means of tenfold dilution series in 
PPS and the pour plate method with Chromocult coliform-Nal+ agar (Nal, 50 mg/ml) when high 
contamination levels were expected and by membrane filtration method when low contamination 
levels were likely. Both media were incubated at 37°C for 18-24 h. 
6.3.9 Viral analysis 
The titer of the water of both WBs was directly determined by a double-layer plaque assay (Wobus et 
al., 2004) without a virus concentration step after storage at -80°C. For virus detection on lettuce 
samples (10 g), the viral elution-concentration method was used as described before (Baert et al., 
2008a; Stals et al., 2011), although slightly modified (no pectinex in elution buffer and no 
chloroform/butanol purification step was included). The final virus concentrate (2 ml) was stored at -
80°C for the detection of viruses. MS2 phages were detected according to ISO 10705-1 (ISO, 1995) 
and MNV-1 was detected by plaque assay as described by Wobus et al. (2004). 
6.3.10 Data analysis 
SPSS statistics 20 and Microsoft Excel were used for statistical analysis. The Kolmogorov-Smirnov test 
and Levene’s test were used to assess normality and equality of variance respectively. If normally 
distributed, the difference of the microbial load on the lettuce before and after WB1 was determined 
by a one sample t-test. A paired t-test was used to check the influence of WB2 or rinsing on the 
microbial quality of the lettuce. If normality or equality of variance could not be assumed, the 
Kruskal-Wallis (KW) test was used. Correlations between the contamination of the wash bath and the 
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contamination of the lettuce were checked by means of a spearman rank correlation. P-values < 0.05 
were deemed statistically significant.  
The transfer ratio was calculated to quantify the cross-contamination of micro-organisms from the 
inoculated WB1 to the lettuce. A transfer ratio of 100% means that the microbial contamination in 
WB1 (4 l) is fully transferred to the lettuce (200 g). Meaning that 1 g of lettuce would contain after 
washing in WB1 an equal amount of micro-organisms as initially present in 20 ml of WB1. In reality, 
only a fraction of the micro-organisms present in WB1 is transferred. This transfer ratio was 
calculated by dividing the mean contamination level of the lettuce (CFU/g) after WB1 by the 
inoculation level (CFU/100 ml) divided by 5 and eventually multiplying by 100. For example: if 5.0 log 
E. coli/ 100 ml was available in the first washing bath, an 1.9 log E. coli/g was found on the produce, 
the product/water transfer ratio was calculated by means of following formula: 
 
6.4 Results  
6.4.1 Determination of cross-contamination from lettuce to water using E. coli 
as an indicator organism 
After washing a first 200 g portion of (artificially) contaminated lettuce (ca. 4.0 log CFU E. coli/g) in 
two subsequent WBs (both initially filled with potable water without sanitizers), a rapid transfer and 
high E. coli levels in the washing water of both washing baths were observed: respectively ca. 4.0 and 
3.5 log CFU E. coli/100 ml for WB1 and WB2 (Figure 6.2). After washing ten subsequent 200 g 
portions contaminated fresh-cut lettuce, the E. coli load in the washing waters increased up to 5.4 
log CFU E. coli/100 ml for WB1 and 4.9 log CFU E. coli/100 ml for WB2. For the (artificially) 
contaminated fresh-cut lettuce a mean significant reduction of 0.33 + 0.1 (P < 0.05, one sample t-
test) log CFU E. coli/g was observed after passing the WB1. An additional reduction of 0.16 + 0.1 (P < 
0.05, paired t-test) was observed after washing in WB2 (Figure 6.2b). 
6.4.2 Determination of cross-contamination from water to lettuce using E. coli 
as an indicator organism 
Washing fresh-cut lettuce (natural E. coli contamination < 1 log CFU E. coli/g) in standardized washing 
water simulating prolonged used water without sanitizers in a fresh-cut processing plant (chapter 5) 
resulted in cross-contamination from the washing water to the washed lettuce. In addition, a rapid 
increase in E. coli contamination of the (initial) potable water in the second washing bath (WB2) was 
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established due to co-transfer of 50-90 ml adhered washing water from the WB1 to the lettuce to 
the WB2. Even at the immediate start of the washing experiment, when the first 200 g portion of 
washed lettuce was transferred from WB1 to WB2, E. coli levels of respectively ca. 1.5, 2.5 and 3.5 
log CFU/100 ml were measured in the water of WB2 for the three separate inoculation experiments 
A, B and C (Figure 6.3). During the continuation of the experiment, when subsequent (up to 10) 200 g 
lettuce portions were washed, the E. coli levels of the water of WB2 further increased with increasing 
amounts of lettuce having passed through the WB2. It can be noted when comparing the three 
inoculation experiments A, B and C that increasing the initial E. coli inoculum level of the 
standardized washing water in WB1 is accompanied with a significant increase in E. coli 
contamination on the lettuce (P < 0.01, KW) sampled after passing WB1. The contamination on the 
lettuce ranged from detection limit (< 1.0 log CFU/g) for experiment A (starting inoculum ca. 3.0 log 
CFU/100 ml) up to 1.9 + 0.1 log CFU/g for experiment C (starting inoculum ca. 4.9 log CFU E. coli/100 
ml) (Figure 6.3). 
In case of experiment C, with established enumerable contamination of E. coli on the fresh-cut 
lettuce, a mean significant decrease (P < 0.05, paired t-test) of 0.4 log CFU E. coli/g was observed on 
the fresh-cut lettuce portions after passing and submersion for 1 min in the washing water of WB2. 
Figure 6.4 shows the correlation between the E. coli contamination in the washing bath and the E. 
coli contamination on the washed batch of lettuce. When the wash water of the washing bath is 
contaminated with 3.6 + 0.1 log E. coli/100 ml the contamination on the lettuce is near to the 
detection limit for E. coli enumeration (1.0 + 0.3 log CFU/g). An increase in E. coli contamination in 
the wash bath was accompanied with a linear increase in contamination on the lettuce reaching 3.3 + 
0.1 log E. coli/g for a water contamination of 6.4 + 0.1 log CFU E. coli/100 ml (Figure 6.4). This 
confirmed the data from the previous experiment. 
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a b 
  
Figure 6.2: E. coli contamination of the water (log CFU/100 ml) of washing bath 1 (♦) and washing bath 2 (■) (a) and E. coli contamination of the (initial 4 log E. coli 
contaminated) fresh-cut lettuce portions (log CFU/g) after passing in washing bath 1 (♦) and washing bath 2 (■) (b) in function of the number of 200 g fresh-cut lettuce 
portions washed in the washing bath  
 A b 
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B 
  
C 
  
Figure 6.3. E. coli contamination of the water (log CFU/100 ml) (a) and E. coli contamination of the (initial non-E. coli-contaminated) fresh-cut lettuce portions (log 
CFU/g) (b) after passing in washing bath 1 (♦) and washing bath 2 (■) in function of the number of 200 g fresh-cut lettuce portions washed in both washing baths with E. 
coli levels in WB 1 of (A) 3 log CFU E. coli/100 ml, (B) 4 log CFU E. coli/100 ml and (C) 5 log CFU E. coli/100 ml.  
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Figure 6.4: Impact of the initial E. coli contamination of the water ( log CFU E. coli/100 ml) in the washing 
baths (WB 1 and WB2) on the resulting E. coli contamination level of the lettuce (log CFU E. coli/g) after 
passing the washing baths.  
 
6.4.3 Determination of the effect of a final rinsing step with potable water on 
residual E. coli contamination of fresh-cut lettuce 
The reduction of the E. coli load on the lettuce by rinsing after washing in the contaminated WB 
increased from 0.08 + 0.07 for a product/water ratio of 2.0 up to 0.21 + 0.10 for a product/water 
ratio of 0.5 (Figure 6.5). Despite that the reduction was significant for all produce/water ratios 
(Paired t-test, P < 0.05), the microbial relevance of a 0.2 log CFU/g reduction is negligible (FDA, 2001).  
6.4.4 Determination of transfer and cross-contamination of E. coli O157, MS2 
phage and MNV-1 from water to fresh-cut lettuce 
For the transfer experiment with E. coli O157, WB1 was spiked with an inoculum of respectively 4.8, 
5.6 and 6.7 log CFU E. coli O157 (NalR)/100 ml for three subsequent inoculation experiments A, B and 
C. The cross-contamination of the lettuce was significantly related to the contamination of WB1 
(Spearman rank Correlation coefficient 0.94, P < 0.01). As such, in case of a higher inoculation level of 
WB1, the cross-contamination of the lettuce is higher after passing WB1. This was also visible in 
Table 6.1 by means of the transfer ratio, as this transfer ratio maintained in the same order of 
magnitude for the different inoculation levels of WB1.  
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Figure 6.5: E. coli levels (log CFU/g) on fresh-cut lettuce portions before (□) and after (■) rinsing (rinsing 
occurred with 400, 300, 200 and 100 ml of water per 200 gram fresh-cut lettuce portion). The fresh-cut 
lettuce portions were initially contaminated with E. coli by cross-contamination via prior washing 
(submersion with 1 minute mechanical stirring) in a 4 liter water bath with contamination levels of 
respectively 4.1 , 5.2 and 6.4 log
 
CFU E. coli/100 ml. 
The overall mean transfer ratio of E. coli O157 from WB1 to the lettuce was 1.0% ± 0.3% over all 
inoculation experiments, resulting in a mean transfer of respectively 2.0 ± 0.4, 3.0 ± 0.1 and 3.9 ± 0.1 
log CFU/ g lettuce for inoculation experiment A, B and C. After WB2, there is a significant decrease in 
contamination level of the lettuce (P < 0.01, paired t-test) compared to the contamination level of 
lettuce only washed in WB1. The mean reduction of contamination level of E. coli O157 on the 
lettuce after WB2 was 0.9 + 0.3 log CFU E. coli O157/g of lettuce over all inoculation experiments for 
E. coli O157. During each inoculation experiment, the contamination level of WB2 gradually 
increased during the washing of the three lettuce portions until a level approximately 0.9 ± 0.1 log 
lower compared to the contamination level in WB1.  
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Table 6.1. E. coli, E. coli O157, MS2 and MNV-1 on lettuce leaves and in processing water after washing of 
each lettuce portion for the different inoculation levels of WB1. 
Micro-
organism 
Inoculum 
levels 
N° of lettuce 
portion 
Log CFU or 
PFU/100ml in 
WB 1 
Log CFU or PFU/g 
on lettuce after 
WB1 (X%) 
Log CFU or 
PFU/100ml in 
WB 2 (Δa) 
Log CFU or PFU/g 
on lettuce after 
WB 2 (Δb) 
E. coli A 0 2.9 < 1 < 0 < 1 
  1 2.9 < 1 1.6 (1.3) < 1 
  2 2.9 < 1 1.9 (1.0) < 1 
  3 2.9 < 1 2.1 (0.8) < 1 
  10 2.9 < 1 2.3 (0.6) < 1 
 B 0 4.0 < 1 < 0 < 1 
  1 3.9 1.0±0.2 (0.7%) 2.4 (1.5) < 1 
  2 3.9 1.1±0.2 (0.8%) 2.8 (1.1) < 1 
  3 3.9 1.0±0.2 (0.7 %) 2.9 (1.0) < 1 
  10 3.9 1.2±0.2 (0.9%) 3.2 (0.7) 1.1+0.1 (0.1+0.1) 
 C 0 5.0 < 1 < 0 < 1 
  1 4.9 1.9±0.2 (0.5%) 3.5 (1.4) 1.3+0.2 (0.6+0.2) 
  2 4.9 1.9±0.2 (0.5%) 3.7 (1.2) 1.4+0.1 (0.5+0.2) 
  3 5.0 1.9±0.2 (0.5%) 3.9 (1.1) 1.3+0.3 (0.6+0.1) 
  10 4.9 2.0±0.1 (0.6%) 4.4 (0.5) 1.7+0.1 (0.3+0.1) 
E. coli O157 A 0 4.9 ND < 0 ND 
  1 4.9 2.2* (1.1%) 3.4 (1.5) 1.0±0.0 (0.6±0.8) 
  2 4.8 1.9±0.0 (0.6%) 3.5 (1.3) 1.0* (0.9±0.0) 
  3 4.7 2.0±0.0 (0.8%) 3.8 (0.9) < 1 
 B 0 5.5 ND < 0 ND 
  1 5.6 3.1±0.1 (1.5%) 4.2 (1.4) 1.8±0.2 (1.3±0.2) 
  2 5.7 3.0±0.1 (1.1%) 4.5 (1.2) 2.0±0.1 (1.0±0.1) 
  3 5.6 2.9±0.0 (1.0%) 4.6 (1.0) 2.1±0.2 (0.8±0.2) 
 C 0 6.6 ND < 0 ND 
  1 6.7 4.0±0.1 (0.9%) 5.2 (1.5) 2.9±0.0 (1.1±0.1) 
  2 6.8 3.9±0.1 (0.8%) 5.5 (1.3) 3.0±0.1 (0.9±0.1) 
  3 6.7 3.9±0.1 (0.8%) 5.9 (0.8) 3.2±0.1 (0.7±0.1) 
MS2 phage A 0 4.1 ND < 2 ND 
  1 3.9 1.8* (0.3%) 2 (1.9) < 0.3 
  2 3.9 0.7±0.5 (0.3%) 2.8 (1.1) < 0.3 
  3 4.0 0.7±0.5 (0.3%) 3.0 (1.0) 0.3±0.0 (0.4±0.5) 
 B 0 5.1 ND < 2 ND 
  1 5.1 2.0±0.1 (0.4%) 3.3 (1.8) 1.1±0.1 (0.9±0.1) 
  2 5.1 2.0±0.0 (0.4%) 3.7 (1.4) 1.1±0.5 (0.9±0.5) 
  3 5.2 2.3±0.0 (0.7%) 3.9 (1.3) 1.3±0.4 (1.0±0.4) 
 C 0 6.6 ND < 2 ND 
  1 6.6 3.8±0.0 (0.9%) 5.2 (1.4) 2.4±0.1 (1.4±0.1) 
  2 6.5 3.6±0.0 (0.6%) 5.4 (1.0) 2.8±0.2 (0.8±0.2) 
  3 6.4 3.7±0.1 (0.8%) 5.7 (0.7) 3.1±0.0 (0.6±0.1) 
MNV-1 A 0 6.4 ND < 2.3 ND 
  1 6.4 3.5±0.0 (0.5%) 4.7 (1.7) 2.0±0.0 (1.5±0.0) 
  2 6.5 3.4±0.0 (0.5%) 4.8 (1.7) 2.1±0.1 (1.3±0.1) 
  3 6.5 3.3±0.0 (0.4%) 5.1 (1.4) 2.0±0.2 (1.3±0.2) 
 ‘
a
’: difference (∆) in log units/100 ml between the contamination level of WB1 and WB2 
‘
b
’: the reduction (∆) in log units/g lettuce of the contamination level of the lettuce after washing in WB2 
compared to lettuce only washed in WB1  
detection limit of E. coli, E. coli O157, MS2 and MNV-1 in water is respectively 0 log CFU/100 ml, 0 log CFU/100 
ml, 2.0 log PFU/100 ml and 2.3 log PFU/100 ml water; in lettuce the detection limit is respectively 1 log CFU/g 
lettuce, 1 log CFU/g lettuce, 0.3 log PFU/g lettuce and 0.3 log PFU/g lettuce) 
ND: not determined 
‘*’: one of both duplicates had a concentration below detection limit in lettuce. In this case only the 
concentration of the positive sample was mentioned and used for calculations. 
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For the transfer experiment of MS2 phages from the wash water to the lettuce, the inoculum level of 
MS2 in WB1 was respectively 4.0, 5.1 and 6.5 log PFU/ 100 ml for experiment A, B and C. The overall 
mean transfer ratio of MS2 from WB1 to the lettuce was 0.5% ± 0.2% over all inoculation 
experiments, resulting in contamination levels for the lettuce of respectively 0.7 ± 0.4 log PFU/g, 2.1 
± 0.2 log PFU/g and 3.7 ± 0.1 log PFU/g for inoculation experiment A, B and C. Thus, the extent of the 
MS2 cross-contamination from WB1 to the lettuce was – similar to E. coli O157 – related to the 
contamination level of WB1 as an increase in contamination level of WB1 resulted in a higher cross-
contamination level to the lettuce. Further processing of the lettuce in WB2 significantly reduced (P < 
0.01, paired t-test) the MS2 contamination level of the lettuce in each portion with approximately 0.9 
± 0.3 log PFU in inoculation experiment B and C. Results from inoculation experiment A were not 
included as the microbial load of the lettuce after WB2 was below the detection limit in two out of 
three portions. However, for inoculation experiment C, it is discernible that the effect of WB2 in 
reducing the microbial level of the processed lettuce portions, showed a slight downward trend as 
more consecutive portions of lettuce were processed and hence the contamination level of WB2 rose 
till its final level of approximately 0.7 log PFU/100 ml lower than the contamination level in WB1 
(Table 6.1). 
For MNV-1, the inoculation experiment involving a contamination level of WB1 of 6.5 log PFU/ 100 
ml showed that the contamination level of WB2 approached the contamination level of WB1 up to a 
level of approx. 1.4 log PFU/100 ml. The mean transfer ratio of MNV-1 from WB1 to the lettuce was 
0.5% ± 0.1% resulting in a mean contamination level of 3.4 ± 0.1 log PFU/g lettuce after WB1. 
Noteworthy, a significant reduction of approx. 1.3 ± 0.2 log PFU/g lettuce was observed after 
washing the lettuce in WB2 (P < 0.01, Paired t-test). 
6.5 Discussion 
In general, washing systems for any fresh-cut vegetable processing consist of two or three separate 
washing stages (FSAI, 2001). The first WB aims to eliminate general field dirt and debris. 
Consequently, the organic and microbial load of this washing water may increase rapidly. The 
purpose of the subsequent WB(s) includes the reduction of the microbial load from the lettuce 
leaves. In the chapter, a fresh-cut lettuce washing process was simulated through a dynamic process 
using two washing steps. The microbial load of both wash water and lettuce were measured after 
each portion was washed. This study distinguishes itself from previous studies by the measurement 
of the microbial load of both water and produce, the absence of sanitizers in the washing baths and 
the implication of both bacteria and viruses in a dynamic two-step wash process (Allende et al., 2008; 
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Baert, et al., 2008; Croci, de Medici, et al., 2002; Lopez-Galvez, Gil et al., 2010; Luo, 2007; Luo et al., 
2011). Quantitative information about the bacteriological and viral transfer from water in these WBs 
to lettuce and vice versa during a washing process was provided. Insight was gained into proper 
water management in the case when sanitizers are not used either voluntarily or prohibited under 
national legislation (Artes et al., 2009; Rico et al., 2007). Furthermore, these data may gain insights 
useful for future risk assessment and management (Danyluk & Schaffner, 2011). In this chapter the 
microbial load was represented and monitored by inoculation and enumeration of hygiene indicator 
E. coli, the pathogen E. coli O157 and MS2 bacteriophage and MNV-1 as surrogates for human NoV.  
The numbers of E. coli on unprocessed lettuce may vary from below the detection limit (< 1 log 
CFU/g) to approximately 4 log CFU/g (Arthur et al., 2007; Aycicek, Oguz, & Karci, 2006; Boraychuk et 
al., 2009; et al., 2006) with E. coli levels > 2 log CFU/g indicated overall as marginal quality and of > 3 
log CFU/g as unacceptable quality (EC Regulation 2073/2005) (Anonymous, 2005). Overall, due to low 
infectious dose of both pathogenic E. coli and norovirus the absence of these pathogens per 25 gram 
is warranted. For NoV, most contamination levels that have been found on leafy greens ranged from 
0 to 3 log genomic copies/g leafy greens (Baert et al., 2011; Kokkinos et al., 2012). The microbial load 
in the washing water of the first washing bath used in fresh-cut processing is predominantly affected 
by the initial microbial quality of the crops upon arrival from the field at the processing factory 
(Allende et al., 2008). In the chapter, it was shown that if highly contaminated (4 log E. coli CFU/g 
lettuce) lettuce crops were submitted to the washing baths, a rapid cross-contamination from the 
fresh-cut lettuce to the washing water of the WBs occurred. Several studies have investigated viral 
transfer to washing water originating from strawberries (Casteel et al., 2009) and lettuce (Baert et al., 
2009b). In the latter study, washing of 50 g of viral contaminated iceberg lettuce (inoculums: approx. 
6.7 log PFU MNV-1) for 5 min in 500 ml (product/water ratio of 0.1 kg/l) of tap water resulted in a 
viral contamination level of 3.73 ± 0.06 log PFU/ml of wash water.  
Notwithstanding the artificial contamination and thus probably less adherent (or internalized) 
bacterial cells being present, the mean decrease of the E. coli load on the lettuce after washing in the 
two WBs was only 0.5 log CFU/g which is lower than the 1 to 2 log reductions mentioned in other 
publications (Lopez-Galvez et al., 2010; Ragaert et al., 2010). Potable water is able to remove micro-
organisms to some degree, the process can be slightly enhanced by the use of sanitizers for 
disinfection (Beuchat, 1998; Van Haute et al., 2013a). Water in both WBs can become 
microbiologically contaminated depending on the quality of the incoming fresh produce from the 
field.  
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Moreover, once the washing water is contaminated with E. coli, and in the absence of sanitizers, 
there is opportunity for further spread and cross-contamination of the microbial load from the 
washing water to the subsequent fresh-cut lettuce portions subjected to the washing process. 
Contamination levels exceeding 4 and 3 log E. coli/100 ml washing water for respectively WB1 and 
WB2 resulted in elevated levels of E. coli on the washed fresh-cut lettuce, even after the processing 
of only one portion of lettuce (200 g lettuce in 4 liter washing water, a product/water ratio of 0.5 
kg/l). Concentrations higher than 5 log E. coli/100 ml resulted in levels exceeding 2 log E. coli CFU/g 
of lettuce. The results obtained by these experiments are supported by the real life study of chapter 
5, where E. coli levels higher than 2 log CFU/g were enumerated on processed lettuces when 
concentrations of 5 log CFU/100 ml were observed in the wash water of a fresh-cut lettuce plant in 
operation. In the same field study it was also observed that concentrations exceeding 4 and 3 log E. 
coli/100 ml resulted in elevated E. coli levels on the processed lettuce. However, lower 
concentrations in the water do not imply the absence of E. coli on the lettuce as no enrichments 
were conducted in the study. Similar contamination results were obtained for E. coli O157. 
Regardless of the inoculation level of the water in WB1, a rapid increase of the E. coli/E. coli O157 
loads in WB2 was also observed. This latter can be explained by the transfer of drain water attached 
to the lettuce during transfer from the first to the second WB. After a rapid initial increase, the 
contamination of WB2 further augmented during the washing process to approximately 1 - 0.5 log 
below the inoculation level of WB1 after processing of respectively 0.6 kg or 2 kg of lettuce. A similar 
trend in transfer between both washing baths was observed for the viruses. 
Besides the cross-contamination between the WBs, the non-contaminated incoming lettuce was 
contaminated via the inoculated WB1 as well. The degree of contamination of the lettuce depended 
on the inoculation level and increased at higher contamination levels of WB1. This means that, if no 
sanitizers are allowed, a highly concentrated point contamination with E. coli (e.g. bird feces 
attached to a crop of lettuce) or viruses (from human feces) is able to introduce E. coli or other 
pathogens in the processing water. Through analysis of the transfer ratios it became also clear that 
only a very small fraction of the micro-organisms (≤ 1.5%) was transferred from the water phase to 
the lettuce and this as well for bacteria as for viruses. Even though this transfer ratio is low, point 
contaminations with E. coli or viruses on the fresh produce can easily result in high contamination 
levels in the subsequent WBs and hence in a high level of cross-contamination to the washed lettuce. 
For example for E. coli this implicates that (assuming that 1 g of bird feces contains ca. 8 log CFU E. 
coli/g (Anderson et al., 1997; Fogarty et al., 2003; Haack et al., 2003; Roll & Fujioka, 1997)) 1 g of bird 
feces attached to the crop(s) of lettuce subject to washing in a water tank of approximately 500 l 
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water is able to contaminate the potable water in the washing bath up to more than 4 log CFU of E. 
coli/100 ml and can thus contaminate the whole lettuce batch.  
NoVs can be present in human feces in high concentrations up to 6x1010 genomic copies/g of stool 
(Richards et al., 2004) and can be transferred to the lettuce at a pre-harvest stage (e.g. due to 
contaminated irrigation water) or during harvesting because of unhygienic practices (Seymour & 
Appleton, 2001). Due to a combination of high level fecal shedding, high virus stability and low 
infectious dose, viruses are identified justly as one of the hazards concerning leafy green vegetables 
(WHO, 2008). 
The use of an additional washing step or rinsing step (with potable water) after the initial washing 
process did not provide any relevant microbial reduction of established bacterial or viral 
concentration of the washed fresh-cut lettuce. The ability to attach strongly to the leaf epidermis 
even after only a 1 min dip in a washing tank, was observed for E. coli in previous studies (López-
Gálvez, Gil, Truchado, Selma, & Allende, 2010; Shaw et al., 2008). Besides the bacterial-surface 
structures that play a role in the bacterial attachment (Shaw et al., 2008), the virus-specific factors 
(e.g. virus pI, presence of food-specific ligands), food (surface) factors (e.g. presence of virus-specific 
ligands, access to food interior) and extrinsic factors (e.g. pH and presence of substances competing 
for binding) (Le Guyader & Atmar, 2008) play a role in viral attachment/adsorption to (food) surfaces. 
The interaction of pathogens with produce surfaces can consists of a physical entrapment below the 
surface in stomata and cut edges (Esseili et al., 2012; Seo & Frank, 1999; Solomon & Matthews, 2006; 
Wei et al., 2010). The latter, could create protective shelters, making washing ineffective (Seo & 
Frank, 1999; Singh et al., 2002).  
Concerning the virus/food specific binding it was also shown in an experiment performed by Esseili et 
al. (2012) that virus-like particles (VLPs) of humane NoV GII.4 can specifically bind to lettuce plant 
leaves mainly through the carbohydrates of the cell wall next to minor binding to cell wall proteins. 
Virus adsorption/binding to lettuce has been found to vary depending on the viral strain (Vega et al., 
2005) and type of lettuce (Gandhi et al., 2010). As such, the reducing effect of a second phase 
washing in WB2 on the level of viral and bacterial contamination on the lettuce was irrelevant 
suggesting that the main priority should be to avoid cross-contamination and distribution of micro-
organisms during the washing process knowing that the adherence is likely higher on injured surfaces 
(cut) than not injured surfaces (Esseili et al., 2012; Han et al., 2000; Takeuchi et al., 2000) and even 
more difficult to remove (Baert et al., 2009a; Han et al., 2000; Keskinen & Annous, 2011). 
These results emphasize the vulnerability of a washing process for microbial contamination when no 
sanitizers are used. The use of merely potable water for washing soiled or contaminated crops as a 
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prerequisite is not adequate from a food safety perspective. Currently, the fresh produce companies 
in some European countries where sanitizers are prohibited rely mostly on the initial microbial 
quality of the crops upon arrival from the field and excessive amounts of potable water (Olmez & 
Kretzschmar, 2009). However, these results suggest that a systematic refilling of the water in WB2 
provides little benefit to maintain potable water quality if the first WB is contaminated and will act as 
a vehicle for transmission of viruses/bacteria from contaminated water to lettuce. This is confirmed 
by other studies showing that the risk of cross-contamination is not removed by using large 
quantities of water (Chapter 5; López-Gálvez et al., 2009). Considering the sustainable use of water, 
the use of excessive amounts of water for washing of fresh produce might be avoided as availability 
of potable water is restricted and costly in many areas of the world (Menzel & Matovelle, 2010; 
Parish et al., 2012).  
To limit the water use and tackle the risks of cross-contamination, a disinfectant agent even at low 
concentrations for maintaining acceptable water quality could be considered (López-Gálvez et al., 
2010; Van Haute et al., 2013a). The main effect of sanitizing treatments for washing fresh-cut 
produce is indeed aimed at reducing and controlling the microbial load of the water used in fresh-cut 
processing and thus prevent the transfer of micro-organisms (including E. coli, enteric pathogens and 
viruses) from contaminating the fresh-cut end product rather than having a decontamination or 
preservative effect on the produce itself (Baert et al., 2009; Gil et al., 2009; Van Haute et al., 2013a; 
Zhang et al., 2009).  
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Chapter 7 General Discussion and Future Perspectives 
7.1 Introduction 
In the US, between 1998 and 2007, salads, vegetables, and fruits were linked to respectively 345, 228 
and 111 reported foodborne outbreaks and associated with a large number of diseased individuals 
(≥11,200 cases in total) (CSPI, 2009; Olaimat & Holley, 2012). The most common produce items 
associated with outbreaks are leafy green vegetables (Delaquis et al., 2007; DeWaal, 2009). These 
were categorized as the highest priority in terms of fresh produce safety by the World Health 
Organization (WHO) in 2008 (Delaquis et al., 2007; DeWaal, 2009; Ilic et al., 2008; Jacxsens et al., 
2010; WHO, 2008). Many factors were already identified as possible routes of microbial 
contamination of leafy greens such as unsafe irrigation or process water, the use of insufficiently 
treated biosolids or manure for fertilization, poor worker hygiene, and lack of adequate sanitation of 
equipment. To guarantee the safety of fresh produce, farms or companies use Good Agricultural 
Practices (GAPs), Good Manufacturing Practices (GMPs) and Good Hygiene Practices (GHPs) to 
control microbial, chemical and physical hazards in the fresh produce supply chain. Retailers or other 
stakeholder organizations (national or international) developed quality assurance standards or 
guidelines, which involve third party certification either or both applicable for primary production 
activities (e.g. such as GlobalGap, Belgian IKKB standard) and for processing companies (e.g. BRC, IFS, 
ISO22000). These guidelines or standards are designed to reassure consumers (or retailers) about 
procedures in place on how to produce and process safe food. Systematic studies to identify the 
current microbial situation and the critical points through the production of fresh-cut vegetables to 
consumption process where microbial contamination or growth may occur were lacking in Belgium. 
One of the main objectives of this PhD study was to address these data needs, to identify risk factors 
for potential microbial contamination, and to find possible bottlenecks in implementation of “good 
practices” in leafy greens’ production, exemplified by the case study of butterhead lettuce, starting 
from seedling up to the marketed ready-to-eat end product in Belgium. A risk factor is defined as an 
environmental, behavioral or biologic factor which if present, directly increases the probability of a 
disease occurring, and if absent or removed reduces the probability (Beck, 1998). A bottleneck is 
defined as an event where the performance or capacity of an entire system is limited by a single or 
limited number of components.  
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7.2 Risk factors /bottlenecks at primary production 
7.2.1 Awareness on microbial foodborne hazards 
The research work in Chapter 2 and 3 provided data on the microbiological safety of leafy greens in 
greenhouse and open field butterhead lettuce production by specifically enumerating various 
microbiological parameters (such as E. coli, Salmonella spp., EHEC, Campylobacter spp.). By 
combining the microbiological aspect with an interview and checklist on several farm practices that 
might affect microbiological safety of fresh produce, information was gathered on the status of 
implementation of good agricultural production practices, management, and operation of lettuce 
production in West Flanders, Belgium. 
The actual situation of the microbial contamination of lettuce and the lettuce production 
environment (water/soil) was comparable to reported data obtained from other developed countries 
(Boraychuk et al., 2009; Loncarevic et al., 2005; Oliveira et al., 2010). The farmers and stakeholders’ 
focus is mainly on the use of pesticides and pesticide residues. Their knowledge on the appropriate 
use of pesticides and the pesticide residue monitoring is well elaborated and functional. Protocols 
and registration forms supporting the prerequisites on integrated pest management (e.g. registration 
and documentation of authorized pesticides, adequate use of pesticides in terms of concentration, 
application format, timing, etc.) are in place. Annual monitoring plans for pesticide residues are 
implemented by both the Belgian competent authority (The Federal Agency for the Safety of the 
Food Chain (FASFC)) and the auctions (farmer cooperatives). Samples are analyzed in an accredited 
laboratory with feedback of results to the farmers.  
During the survey the awareness and knowledge on microbial foodborne hazards and also the rather 
“generic” nature of the guidelines or legislation in place were established as the major bottlenecks in 
the elaboration of a robust food safety management system to safeguard microbial safety and 
hygiene of leafy greens.  
As the experts pointed microbiological hazards as the main emerging food safety problem in fresh 
produce (Van Boxstael et al., 2013), the need for improving the awareness and knowledge of 
individual farmers about microbial aspects of food safety and the need for good agricultural practices 
to ensure hygiene and safety of leafy greens was demonstrated. The interviewed farms’ owners were 
not familiar with the common foodborne pathogens such as Salmonella spp., EHEC, Campylobacter 
spp. or even generic E. coli and the risks associated with their presence. The farmers did not have any 
kind of verification or documentation system in place for the microbial aspects. Probably because no 
microbiological guidelines are available for leafy greens at the primary production stage in the 
current version of the Belgian national sector guidelines, national or European legislation. Also 
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individual farm owners interviewed did not receive any complaints with regard to microbial safety. 
As a result, there were no urging incentives for monitoring at the farm and they showed no intention 
to implement a microbiological sampling scheme. Microbial criteria in EU legislation on Salmonella 
spp. and E. coli are present for precut vegetables (Anonymous, 2005). In primary production, the 
Federal Agency for the Safety of the Food Chain (FASFC) monitors fresh produce. However efforts are 
mainly targeting the fresh-cut produce and not whole heads of lettuce. On the other hand, farms, 
especially the greenhouse farms, were aware of the plant pathogens. Recently, some samples were 
also taken from whole heads of lettuce by the auction association (Logistieke en Administratieve 
Veilingassociatie (LAVA)). 
7.2.2 Selection and microbial quality of water sources for irrigation and at 
harvest 
At the moment, there is pressure on water resources due to factors such as growing population, 
industrial activities, climate change, and the restricted use of groundwater. For example in Belgium, 
conform the European Water Framework Directive, the abstraction of groundwater has to be in 
accordance with the capacity of the water system, the Sokkel abstraction of groundwater in Belgium 
needs to decrease by 75 % (VMM, 2007) as almost 44 % of the measured groundwater levels showed 
a decrease in volume and only 20 % an increase (VMM, 2012). Therefore in Belgium, but also in other 
countries worldwide, it is common practice to use collected rainwater or surface water for irrigation. 
In some occasions, this water source was used to remove soil or dirt from the lettuce crops at 
harvest. In addition, in Belgium as in most Northern European countries, overhead spray irrigation is 
most frequently used despite the fact that the risk is higher compared to subsurface irrigation due to 
the direct contact between water and produce (Hamilton et al., 2006; Song et al., 2006).  
The lack of detailed microbiological guidelines on water for irrigation in national standards or 
European legislation, combined with the limited awareness and knowledge on foodborne human 
pathogens or indicator organisms potentially occurring in leafy greens and water, explains the 
occasionally high levels of E. coli and the presence of pathogens in the present study in the water 
sources and accidentally also on the lettuce crops. As established in chapter 3, a shift from the use of 
overall assumed clean potable borehole water to open reservoir water (often a combination of 
collected rainwater or surface water) which is more susceptible to microbial contamination and 
proliferation is a risk factor for introduction of microbial hazards on the lettuce crops.  
The majority of the farmers analyzed the water only annually and had a record of the water quality. 
However, the value of the recorded analysis of the water can be debated as it is only sampled once. 
In addition, sampling is done by the farmers themselves who deliver the sample to the laboratory.  
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In EU, the primary responsibility, in terms of food safety, rests with the farmer/vegetable grower or 
processing company who distributes/markets the crop or fresh-cut bagged fresh produce. Regulation 
(EC) No 852/2004 of the European Parliament and of the Council of 29 April 2004 on the hygiene of 
foodstuffs requires that food business operators producing or harvesting plant products are to take 
adequate measures, as appropriate including using potable water, or clean water whenever 
necessary to prevent contamination. Therefore the use of clean water is permitted in primary 
production in primary washing steps for raw product e.g. at harvest. There are no actual guidelines or 
prerequisites on water for irrigation water, although Regulation (EC) No 852/2004 also recommends 
taking account of the results of any relevant analyses carried out on samples taken from plants or 
other samples that have importance to human health. In the present case of lettuce production this 
last sentence might be interpreted also as an incentive to use relevant analysis of water samples for 
hygiene indicators or foodborne pathogens.  
Therefore, in the framework of good agricultural practices and self-checking systems, also the 
individual farm owners need to assess any risks eventually associated with the irrigation of plant 
products that they cultivate and market. They could take, if necessary, precautionary measures to 
control any risk of contamination of plant products via the use of water at primary production 
(irrigation water but also water used at harvest).  
In Belgium only general instructions apply to the primary production stating that the operators have 
to guard as good as possible that the products of primary production are protected from 
contamination in relation to further processing of primary products. Operators have to use potable 
or clean water, when this is necessary to prevent contamination (Regulation (EC) No 852/2004). 
Potable water and clean water should not contain unacceptable risks and can be used without 
restriction for irrigation (IKKB, 2010). IKKB defined clean water as water with maximum 4 log CFU E. 
coli/100 ml. To assist the farmer/vegetable grower to control the risks potentially associated with 
irrigation, and despite the lack of accurate data, IKKB makes several recommendations based on the 
recommendations of the WHO (Blumenthal et al., 2000; FAVV, 2009). The most important 
recommendation concerns the ban of untreated wastewater use (= non-purified) for irrigation. 
Groundwater, rainwater or surface water (or a combination thereof), which has been previously 
stored or not stored in pits, open or closed tanks, possibly recycled after previous use, may be used 
for irrigation if the water has a maximum load below 3 log CFU E. coli/100 ml (FAVV, 2009). These 
values were largely based upon former WHO guidelines mentioning < 3 log CFU fecal coliforms/100 
ml (Blumenthal et al., 2000).  
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The Canadian governments recommend the following criteria for the quality of irrigation water: ≤ 2 
log CFU fecal coliforms (or E. coli) per 100 ml and ≤ 3 log CFU total coliforms per 100 ml (Canadian 
Water Quality Guidelines for the Protection of Agricultural Water uses, 2005).  
However, the WHO moved from strict water quality standards to a more risk-based approach, as 
evidenced by their 2006 guidelines for the safe use of wastewater, excreta and grey water (WHO, 
2006). 
 
However, there is a need for elaboration of useful recommendations regarding the use of water in 
primary production as currently a lot of different guidelines are available (Table 7.1). Furthermore, 
the microbiological data obtained in the present research work and from the interviews with 
individual farmers specifically water management distinguished itself as risk factor for the safety of 
lettuce production in Belgium.  
7.2.3 Climate, seasonality and weather conditions  
It became clear that different parameters such as the presence and levels of indicator bacteria or the 
climatic conditions (temperature or precipitation during lettuce production) had a low predictive 
value for the presence of pathogens or indicator bacteria. For example, a very low correlation (R = 
0.12) was observed between the water temperature and the presence of pathogens in the water. 
Still, temperature, precipitation, and E. coli concentration provided some information concerning the 
most critical periods for possible pathogen contamination of the produce or the water, especially in 
case of water collected in open reservoirs (McEgan et al., 2013; Schilling et al., 2009). For example, 
pathogens were only detected in water and produce in the time period from May to November, 
when the temperature during sampling was the highest (from 13.7°C in May to a maximum of 19°C in 
August and 11.7°C in November). These periods, related to the season and weather conditions, could 
induce a higher state of awareness and may provoke increased frequency of testing or temporarily 
use of water treatment or a shift in water source or irrigation method used to prevent unacceptable 
microbial contamination of the produce.  C
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Table 7.1: Different guidelines proposed by different organizations 
 Codex Alimentarius, 
(2003b)  
GlobalGap (2012) SQF (SQF, 2009) FSMA (FSMA, 2013) FSLC (FSLC, 2007) WHO 
(Blumenthal et al., 
2000, WHO, 2006) 
Autocontrol G-012 
(IKKB, 2010) 
Spain (Royal 
Decision, 2007) 
Norway (Matmerk, 
2010) 
Sources of 
irrigation 
water 
identify the sources 
of water, assess its 
microbial quality, 
and its suitability for 
intended use 
no untreated 
sewage water 
a known clean 
source or treated to 
make it suitable for 
use 
adequate for its 
intended use 
Any water source 
meeting 
acceptable 
microbiological 
water quality as 
stated in FSLC 
standards 
microbial criteria 
have only been 
established for the 
use of treated 
wastewater for the 
irrigation of crops 
that are likely to be 
eaten uncooked 
creek, open well, 
drilled well, rain, 
potable or 
vegetable wash 
water, or water 
used in the 
processing of 
vegetables such as 
blanching, 
sterilizing 
microbial criteria 
have only been 
established for the 
use of treated 
wastewater for the 
irrigation of crops 
that are likely to be 
eaten uncooked 
the irrigation water 
source should be 
protected against  
contamination  
Microbial 
standards 
/ If treated sewage 
water is used, water 
quality complies 
with WHO 
guidelines. If water 
might be polluted 
must comply with 
local or WHO 
guidelines 
Based on the hazard 
analysis, best 
practices within 
country of 
production and any 
application 
legislation, if 
applicable. 
Water that may 
come in contact 
with the harvestable 
portion of produce 
must meet a 
standard of no more 
than 235 CFUs of 
generic E. coli per 
100 ml throughout 
the growing season. 
surface water: 
Generic E. coli: < 
1.1 MPN/100 mL is 
acceptable, generic 
E. coli: ≥ 1.1 
MPN/100 mL but 
<126 MPN/100 ml 
and negative for 
pathogens is 
conditional and 
requires immediate 
documented 
corrective and 
preventative 
actions 
≤ 1000 fecal 
coliforms/ 100 ml 
of water and ≤ 0,1 
intestinal 
nematode egg per 
liter  
/ E. coli: ≤100 
CFU/100 ml, 
sampling plan 3 
classes: n = 10; m = 
100 CFU/100 ml; M 
= 1000 CFU/100 
ml; c=3  
Intestinal 
nematode: ≤1/10 
liters  
 
Water quality has 
to be “close to 
drinking water 
quality” (not 
specified) and the 
last day of 
irrigation before 
harvesting should 
be documented 
     Well Water: 
Generic E. coli: < 
1.1 MPN/100 mL is 
acceptable 
 
 
  
frequency 
of testing 
depend on the 
water source and 
the risks of 
environmental 
contamination 
a frequency 
according to the 
results of the risk 
assessment every 
year 
decided by the 
hazard analysis, best 
practices within 
country of 
production and any 
application 
legislation 
River or Natural lake 
water: every 7 days 
during growing 
season, Water 
reservoir from 
groundwater: once a 
month, 
groundwater: at the 
beginning of the 
season and every 3 
months thereafter 
Each water source 
(canal, reservoir, 
well) shall be 
tested within 60 
days of its first 
seasonal use, well 
water and surface 
water tested 
monthly 
 / / At least one water 
sample should be 
analyzed each 
year, Co
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Climate and weather events play an important role in the presence of pathogens as warmer ambient 
temperature in combination with differences in eating behavior may contribute to the foodborne 
portion of the increased incidence of enteric diseases (Fleury et al., 2006). Changes in ambient 
physical conditions can influence environmentally mediated pathogen transmission pathways (Lal et 
al., 2012). 
The survival and growth of certain enteric pathogens are, within limits, positively correlated with 
ambient temperature (Britton et al., 2010; Hall et al., 2002; Lake et al., 2009). Many studies have 
demonstrated the positive associations between temperature and foodborne illness (Checkley et al., 
2000; Singh et al., 2001). In the UK, a relationship was found between disease and the temperature 
in the month preceding the illness (Bentham & Langford, 2001). Another study in Australia found a 
positive association between temperature in the previous month and the number of notifications of 
cases of Salmonella spp. in the current month (D'Souza et al., 2004). In several European countries 
(the Netherlands, England, Switzerland, Spain, etc.) a linear correlation was found between 
temperature and the number of reported cases of salmonellosis (Kovats et al., 2004). It is plausible 
that the temporal pattern in ambient temperature may determine, in part, the timing and magnitude 
of the peak of a disease incidence curve for specific enteric diseases (Naumova et al., 2007). Several 
recent reviews have addressed the impact of the effect of climatic conditions and (extreme) weather 
events on the transfer of microbial contaminants to leafy vegetables (Tirado et al., 2010; Liu et al., 
2013; WHO, 2008). It has been reported that climate changes will mainly have an impact on the 
contamination sources and pathways of bacteria onto leafy greens during the pre-harvest phase. 
Climate change has been identified as having potential for increasing bacterial contamination of food 
and water and variation in levels of certain pathogens in agricultural land and water with extreme 
weather events such as alternating periods of floods and droughts (Liu et al., 2013; Rose et al., 2001; 
Tirado et al., 2010a). Increased temperatures can increase the rate of microbial growth. Temperature 
also may have a major effect on the colonization of plants by Salmonella spp. Since Salmonella spp. 
and other human pathogens grow optimally at 37°C, temperature may greatly affect their fate once 
they land on a plant surface (Brandl & Mandrell, 2002). 
Intensive precipitation may increase surface and subsurface runoff, which might be an intermediate 
contamination pathway of pathogens from manure at livestock farms and from grazing pastures 
(Donnison & Ross, 2009; Leopoldo et al., 2008; Parker et al., 2010). Increased precipitation can 
increase the concentrations of fecal bacteria or pathogen in the water in at least four ways (Hofstra, 
2011):  
- excessive or heavy rainfall events can mobilize or release fecal coliforms and a variety of 
pathogens in the environment and increase runoff of manure or other fecal contaminations 
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from fields or roofs, transporting them into rivers, coastal waters, and wells (Cann et al., 
2012; Evans et al., 2006; Guber et al., 2006; Parker et al., 2010; Semenza & Menne, 2009; 
Wilby et al., 2005); 
- increased precipitation and more extreme precipitation events increase turbulence and this 
allows for re-suspension of pathogens from sediment (Crabill et al., 1999; Muirhead et al., 
2004; Wu et al., 2009);  
- increased precipitation increases the risk of sewer overflows (Ferguson et al., 1996; Patz et 
al., 2008);  
- increasing rainfall increases the chance of splashing of the contaminated soil on the 
vegetables (Cevallos-Cevallos et al., 2012; Franz et al., 2008; Girardin et al., 2005; 
Ntahimpera et al., 1999; Pietravalle et al., 2001).  
7.2.4 The issue of antimicrobial resistant E. coli strains 
Besides the presence of human pathogens such as Salmonella spp., EHEC, Campylobacter spp., etc., 
there is an increased attention for the risk concerning the presence of antibiotic resistant bacteria 
(Verraes et al., 2013). Several problems were exposed in the animal production associated with 
antibiotic resistance of Salmonella spp., E. coli, etc. (Leverstein-van Hall et al., 2011; Nollet et al., 
2006; Persoons et al., 2011; Verraes et al., 2013). However, in Belgium, no data were available with 
respect to the antibiotic resistance in plant primary production. Therefore, in the current PhD, it was 
checked whether lettuce or its agricultural production environment were able to act as a vector or 
reservoir of antimicrobial resistant E. coli strains. The level of resistance was much lower compared 
to antibiotic resistance reported in E. coli derived from animal origin in Belgium, present study: 
11.4% of antimicrobial resistance compared to poultry: 93.8%, pigs: 87.7% and bovine: 39.0% 
(Butaye, 2013). The observed resistance patterns may suggest that cattle are the potential reservoir 
of antimicrobial resistant E. coli strains in plant primary production. However, to confirm the link 
with cattle and to trace the source of resistance to different animal farms, further research is 
necessary such as microbial source tracking (Seurinck et al., 2005).  
Furthermore, the results showed that the peat-soil of the seedling was a possible contamination 
source for the seedling (or lettuce) as high levels of E. coli and antibiotic resistant E. coli were 
observed. Several studies showed the possibility for long-term survival and growth on the seedlings 
(Islam et al., 2004a, Islam et al., 2004b, Van der Linden et al., 2013). As such, seeds or seedlings could 
be considered as contamination sources for the cultivation of leafy vegetables as pathogens are able 
to survive on lettuce in the field from inoculation on the seedling up to harvest (Islam et al., 2004a, 
Islam et al., 2004b). Keeping in mind the recent issues concerning contaminated seeds in Germany 
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and France (Scharlach et al., 2013, Soon et al., 2013), it is important to conduct further research to 
check the origin and cause of contamination as normally the peat-soil is treated to remove the 
contamination.  
As lettuce does not undergo any inactivation or preservation treatments during processing, the 
consumer is exposed directly to all (resistant) bacteria present. In total 11.4% of all isolated E. coli 
showed resistance to one or more antibiotics. However, Schwaiger et al. (2011) showed that there 
was a decrease in resistance rate between farm and retail. The presence of antimicrobial resistant 
bacteria on lettuce can lead to several problems as the use of antimicrobials does not only select for 
resistant commensal bacteria but also for resistant pathogenic bacteria (van den Bogaard & 
Stobberingh, 2000). The presence of resistant bacteria on the lettuce can be an indicator for the 
presence of antibiotic resistant pathogens on the lettuce (Saenz et al., 2001; van den Bogaard & 
Stobberingh, 2000). Lettuce is a ready-to-eat food item, which is not subjected to an inactivation 
treatment during further processing and preparation. This might result in infections caused by 
pathogenic resistant bacterial strains.  
Humans that ingest (raw) meat and vegetables which might contain bacteria with antibiotic 
resistance genes, increase the risk of antibiotic resistance genes to occur in the intestine. It is known 
that the human intestine is an environment that is very conducive to horizontal gene transfer events: 
nutrients are abundant, the concentration of bacteria is high, and there are many surfaces to which 
bacteria can adhere (Salyers et al., 2004; Shoemaker et al., 2001). It has been shown that even short-
term antibiotic administration can lead to stabilization of resistant bacterial populations in the 
human intestine that persist for years (Jakobsson et al., 2010; Jernberg et al., 2013). And at last, it is 
documented that food ingested resistant bacteria can survive the gastric passage, multiply, and can 
be isolated in the feces up to a couple of weeks (Sorensen et al., 2001). However, the actual 
relevance of the finding is unknown and needs to be further elaborated in future research ($7.6.4). 
 
7.3 Recommendations for primary production  
There is a need for i) awareness and gathering of knowledge concerning the prevalence of microbial 
pathogens and hygiene indicators and for ii) setting guidelines on the microbial water quality and 
water testing in leafy greens primary production. There is a need for guidance and agreements on 
sampling and testing methodologies in the fresh produce supply chain for both the end products 
(lettuce crop at harvest ready to be marketed) and for the monitoring of the lettuce production 
environment, in particular for the water.  
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7.3.1 Building knowledge and baseline data for microbial food safety in leafy 
greens at primary production 
In general, there is need for knowledge and awareness to farmers. A possible solution is the use of 
fact sheets which contains a simple accessible message (Monaghan and Hutchison, 2010). Fact sheets 
are already used in the UK and contain information on the most relevant microbial issues such as 
information on the different pathogens, microbiological testing, interpretation of the lab results, etc. 
However, the sheets need to be taken up and developed by the sector organizations, auctions, and 
competent authorities as sector guides can be a good medium for dissemination. 
Until now, no consistent data were available on the prevalence of pathogens on fresh produce in 
primary production in Belgium as no monitoring is available or communicated by the sector 
organizations or competent authorities. For monitoring pathogens, a lot of sampling need to be done 
to make conclusions on exclusion of any potential pathogens in the lettuce in particular for 
pathogens characterized by low prevalence (< 0.1 to 1%) such as Salmonella spp. and EHEC in fresh 
produce. However, microbial parameters are often used to indicate insufficient sanitary quality or 
potential fecal pollution. E. coli of fecal (human or animal) origin has also been established as an 
“index” or “marker” organism (Mossel, 1978, 1982). Marker organisms provide evidence of an 
increased likelihood of potential contamination of food or water by ecologically closely related 
pathogens such as Gram negative enteric pathogens encompassing human pathogenic EHEC, 
Salmonella spp. and Campylobacter spp.  
 
Eventually, one must be aware that despite useful recommendations, GAPs, GMPs and GHPs, it is not 
possible to obtain zero risk. This cannot be proved by sampling and it is important to realize that the 
produce is a raw ready-to-eat product with cultivation in a natural environment especially in the 
open field. It is important to prevent contamination but there is the continuous pressure of 
contamination on the production system which can be illustrated by data on fecal indicator 
organisms such as E. coli. E. coli was determined by enumeration, in most cases < 0.7 log CFU/g or 0.7 
– 2 log CFU/g was observed on lettuce or in soil. However, E. coli bacteria seem to be widespread in 
the environment. In frame of the antimicrobial testing, E. coli was also enriched per 25 g in all lettuce 
and soil samples. E. coli was detected in 83 % of the lettuce samples and in 100% of the soil samples. 
This indicates that setting guidelines and criteria is not about presence/absence testing of this 
indicator organism but about setting appropriate levels which can and need to be obtained under 
conditions of good agricultural practices used as a benchmark. However, one must be aware that in 
due time, these levels under "good" practice can evolve to become better as improvements in 
preventive measures or controls are discovered. 
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7.3.2 Appropriate water management practices to increase the food safety of 
leafy greens 
Suggestions for guidelines on water quality in primary production 
The source identification of the used water combined with the definition of appropriate water 
quality are vital for the level of risk for the public health for the consumption of irrigated products 
(Stine et al., 2005; Warriner et al., 2009). In general, borehole water is less variable than rainwater 
stored in an open well or surface water (Seynnaeve, 2009; Steele & Odumeru, 2004). In Flanders in 
2009, in 45% of the borehole water samples E. coli was absent in 100 ml, in contrast to 12% for 
drainage and rainwater and 0% for creek water (Seynnaeve, 2009). The data collected in the present 
PhD work showed that the use of water with E. coli levels higher than 2 log E. coli/100 ml needs to be 
avoided as 42% of the water samples higher than 2 log E. coli/100 ml contained a pathogen in 
contrast to less than 10 % if the value is below 2 log E. coli/100 ml. These trends are confirmed by a 
quantitative microbial risk assessment (QMRA) study in Sweden by Ottoson et al. (2011). The QMRA 
indicated that reducing the maximum contamination level of irrigation water from 4 log CFU to 2 log 
CFU E. coli/100 ml, would lead to a fivefold reduction in associated estimated VTEC illnesses due to 
consumption of iceberg lettuce. As a consequence, based on the results from the present PhD work, 
if setting the maximum allowed E. coli level of the water used in lettuce primary production at 2 log 
CFU/100 ml, almost 70 % of all water sources currently in use would be rejected as appropriate 
irrigation water quality. The high levels were probably due to the rainfall during sampling in the open 
field which might have influenced the quality of the irrigation water. On the other hand, the water 
was not frequently used for irrigation. However, for the farms that used a water treatment system, 
only 3.7 % of the samples were higher than 2 log CFU/100 ml. It is recommended to use a water 
treatment system if using water from open reservoirs. 
Thus, the use of a water treatment system is essential and offers a solution to improve the safety of 
water (Olaimat & Holley, 2012). However, different types of water that are currently used for crop 
production comes with different technical details and different suitable water treatment techniques 
(Van Haute et al., 2013b). It is important that the farms are guided to make the appropriate technical 
and economical solution depending on the water source in use, associated water quality and the 
target of microbial contamination. At present in Belgium, a platform has been developed at the 
center for Innovative and Agricultural Research (INAGRO) (www.watertool.be) to support farmers in 
assessing the water quality of the water source they are using and providing information in an 
accessible format on options for water treatment. 
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Suggestion on the use of sampling and testing for verification of appropriate water quality  
Testing is costly, but there is a need for test results by all stakeholders in the fresh produce supply 
chain. If testing is applied, it is important that an agreement is made on the frequency (nowadays 
once a year) and location of sampling, the sampling method and volume, the microbial parameters to 
be analyzed, the method of detection or enumeration of these microbial parameters, the 
interpretation of test results, and need of actions to be taken upon non-compliance. As established 
within this study, in most cases, actual pathogen contamination of waters and fresh produce were 
rare (for example, on fresh produce, Salmonella spp.: 0/88, EHEC: 0/88 and Campylobacter spp. 
8/88). Furthermore, direct pathogen screening is expensive, time consuming, complex due to 
pathogen variability, and difficult to interpret (in particular EHEC) (Savichtcheva and Okabe, 2006). 
Testing is done to determine the sanitary quality of the water which is an established risk factor but 
is only indirectly related to public health as transfer to the lettuce and survival of the lettuce must 
occur. It is preferred to use fecal indicator bacteria to monitor the water quality. Chapter two 
showed the relationship between pathogens and indicator bacteria. The enumeration of E. coli as an 
indicator is recommended as it is well recognized and reported that E. coli is the only coliform that is 
an exclusive inhabitant of the gastrointestinal tract (Edberg et al., 2000). High correlations were 
observed between the presence of E. coli, enterococci and total coliforms. Most coliforms have an 
environmental origin and include plant pathogens and normal inhabitants of soil and water 
environments. Coliforms can be expected in open systems/water which are close to vegetation and 
contaminated with environmental/plant material. Enterococci survive longer compared to E. coli and 
for water examination purposes enterococci can be regarded as an indicator of fecal pollution, 
although some can occasionally originate from other habitats (Stevens et al., 2003). When analysis 
for enterococci is combined with the measurement of E. coli there is increased confidence in the 
absence or presence of fecal pollution (Stevens et al., 2003). In general, the indicator bacteria 
showed a moderate predictive value: the higher the amount of indicator bacteria, the higher the 
probability for detection of a pathogen. However, low amounts of indicator bacteria did not always 
guarantee absence of pathogens and vice versa.  
The frequency of testing the microbial quality and the maximum allowed indicator level of the water 
is still a point of debate. At present, it is at least once a year which is restricted as the survey showed 
a high variability during the seasons. Still, frequency of testing will depend upon the exact farm 
management and operation practices and climatic conditions. Borehole water is less vulnerable and 
will demand less testing than open reservoirs (but will depend upon the construction of the 
reservoir). At the moment there are some recommendations under construction in US. Food Safety 
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Modernization Act (FSMA) sets two separate standards depending on how the water is used (FSMA, 
2013). 
 Water that may come in contact with the harvestable portion of produce must meet a 
standard of no more than 235 CFUs of generic E. coli per 100 ml throughout the growing 
season.  
 Water used for washing produce in a circulating or single use dump tank, or for cooling or 
hydrating produce during packing must have no detectable levels of E. coli. Water used for 
hand washing during and after harvesting also must have no detectable levels of E. coli. 
Concerning the frequency of testing, Food and Drug Administration (FDA) proposed that every 
producer need to inspect their irrigation and water distribution systems and correct any conditions 
that could result in microbial contamination at the start of the season. Throughout the growing 
season, testing frequency depends on the water source and its use. Farms using lakes or rivers must 
test more often than farms using groundwater.  
If any water source fails to meet the standard, the rule requires you to immediately stop using it until 
the water does meet the standard.  
 
Table 7.2: Frequency of testing proposed by the FSMA (FSMA, 2013) 
Water Source Minimum Testing Frequency 
River or Natural Lake Every 7 days during growing season 
Water reservoir from groundwater Once a month 
Groundwater At the beginning of the season and every 3 months 
thereafter 
Furthermore, McDonald’s elaborated their own guidelines for the irrigation water testing and 
allowed quality (McDonald’s, 2001). A set of five samples must be collected prior to harvest and the 
rolling geometric mean needs to be established. Samples taken must be at least 18 hours apart and 
not longer than 30 days since the last sample was taken. The geometric mean of generic E. coli of the 
five most recent samples must be lower than 126 MPN/100 ml, with no single sample > 235 MPN per 
100 ml.  
Furthermore, climate incidents such as flood, runoff of storm water, etc. must further increase the 
frequency of testing. However, the presence of a water treatment system implicates less need for 
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testing. Although during start-up of the water treatment system, it is useful to execute some testing 
to validate the functioning of the implemented water treatment system. After validation, the 
frequency can be decreased to elaborate testing merely for verification purposes. However, it is not 
recommended to rely on testing alone as a food safety management tool, testing must complement 
the existing strategies such as Good Agricultural Practices. 
Besides controlling the microbiology of the irrigation water source, other recommendations can be 
made. Increasing the time between irrigation and harvest can reduce the level of contamination on 
the crop (Fonseca et al., 2011). The QMRA of Ottoson et al. (2011) showed that cessation of irrigation 
reduce the risk 3, 8, 8 and 18 times for holding times of respectively 1, 2, 4 and 7 days. However, 
depending on the weather conditions, cessation of irrigation may not be possible in some cases. 
The method of irrigation plays an important role in the transfer of contamination to crops. 
Subsurface irrigation lowers the risk of transfer to growing plants compared to furrow and sprinkler 
irrigation by minimizing the exposure of the irrigated water to the produce (Enriquez et al., 2003; 
Hamilton et al., 2006; Oron et al., 1992; Song et al., 2006). Furthermore, subsurface irrigation lowers 
the risk of splashing of the contaminated soil on the vegetables (Cevallos-Cevallos et al., 2012; Franz 
et al., 2008; Girardin et al., 2005; Ntahimpera et al., 1999; Pietravalle et al., 2001). 
Also, maintenance of the water delivery systems is important as biofilm can increase the 
contamination between source and tap (Hallam et al., 2001; Szewzyk et al., 2000). 
 
The quality of the water used at harvest to rinse the harvested crop is also important. It is observed 
that most farmers used not potable tap water but also often the same water as the water used for 
irrigation with sometimes elevated levels of E. coli (and potential presence of pathogenic strains). 
Water used at harvest is a direct source of microbial contamination of the marketed lettuce. If the 
lettuce is not sold as marketable crop (but used as raw material for fresh-cut processing), according 
the IKKB standard, the lettuce can be rinsed using water containing E. coli concentrations up to 4 log 
CFU E. coli/100ml. However, it is clear that rinsing, using a water quality up to 4 log CFU E. coli/100 
ml must, be avoided at all times. Water containing those amounts of contamination will cross-
contaminate the final product (chapter 6). These recommendations in the IKKB standard might be 
revised based upon the present PhD work. Ottoson et al. (2011) showed that a quick rinse process in 
cold (potable) tap water led to an average six-fold risk reduction. However, the farms which were 
claiming the use of potable water, did not comply with potable water quality upon analysis of these 
samples. This was probably due to the fact the storage tank was not maintained or cleaned and 
biofilm formation was present causing microbial contamination. This indicates the need of 
verification of good practices by occasional microbial sampling and testing.  
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7.4 Risk factors/bottlenecks in the processing of fresh-cut bagged leafy 
greens 
Part of the lettuce crops are sold as whole crops, others are processed to be sold as fresh-cut bagged 
lettuce. The further processing of lettuce consists of different unit operations including trimming, 
cutting/slicing/shredding, washing, draining, rinsing, centrifugation, and packaging (Allende, 2004; 
Baur, 2005; Delaquis, 2004). The on-site study in chapter 5 showed that elevated levels of E. coli can 
build-up over time in the water and cross-contaminate the end product. This was supported by the 
lab experiments in chapter 6.  
In general, chapter 5 and 6 exposed the problems concerning the microbial (cross-)contamination of 
the washing baths and the guidelines and legislation in the Belgium processing industry. According to 
the EU regulation 852/2004, water used in direct contact with food products must be potable water. 
Recycled water can be used in processing or as an ingredient if there is no risk for contamination. It 
has to be of the same standard as potable water, unless the competent authority is satisfied that the 
quality of the water cannot affect the wholesomeness of the foodstuff in its finished form.  
In Belgium, the competent authority (Federal Agency for the Safety of the Food Chain) allows the use 
of clean or recycled water (E. coli, m < 3 log CFU/100 ml, M < 4 log CFU/100 ml) during the first 
washing steps for vegetables to remove dirt. The latter was decided, after argumentation by the 
fruits and vegetables processing industry, based on the fact that raw fruits and vegetables as crops at 
harvest can have a high microbial load, including occasional E. coli contamination. This was based on 
the fact that EU legislation 2073/2005 tolerated generic E. coli numbers in fresh-cut bagged produce 
up to 2 log CFU/g (with an absolute occasional maximum up to 3 log CFU/g) and estimated transfer 
from water to fresh-cut produce was restricted. As such, the above mentioned guidelines for clean 
water were established and were taken up as a guideline for processing water in the Belgian sector 
organization self-checking guide for processing of fruits and vegetables (Jacxsens, 2010a). However, 
the sector self-checking guide also states as a minimal requirement for the ready-to-eat vegetables. 
The last washing step must be performed with water meeting the potable water criteria. 
Furthermore, at the same page in the guide the following information was found: the frequency of 
refreshment of the last water bath is described in the HACCP plan and is validated based on the 
microbiological and/or chemical and/or physical load of the fresh-cut bagged end product. 
The ambiguity in interpretation of these guidelines in the Belgian self-checking guide for fresh-cut 
processing and related legislation on the use of clean water was illustrated by the two fresh-cut 
processing companies that were visited in the present PhD study. These two companies used a 
different approach in their HACCP plan design. The first company started off with potable water but 
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refreshed the water completely after every batch (approximately one hour) of fresh-cut lettuce 
produced. In the latter case, the washing baths were emptied, cleaned and totally refreshed with 
input potable water. In contrast, the second company started with potable water as well or at least 
had the intention to start early in the morning with potable water quality in all washing baths. During 
the day, the same water was used, although every hour ca. 1/3 of the volume of the water in the 
washing bath was refreshed with potable water.  
The idea of this refreshment of water in the washing bath (either partly or continuously during the 
process or completely at set times) recommended in the self-checking guide is to tackle the 
phenomenon of increasing build-up of microbial (E. coli) contamination (Jacxsens, 2010a).  
The most obvious explanation for the introduction of E. coli in the processing water of the washing 
baths is the input of probably a restricted but relevant number of lettuce crops that are 
contaminated with E. coli during primary production. If supposed that some lettuce crops with 
elevated levels of E. coli (due to ad hoc point contamination with soil/fecal deposition on particular 
outer leaves) contaminated the wash water up to 5 log CFU/100 ml as observed in company 2, a 
partly (1/3) refreshment of the water every one hour lowers the microbial contamination only with 
0.3 log. From the experimental study and associated calculations, even if the company would refresh 
the water ca. 10 times in one hour, only 1 log reduction will be achieved. So speaking from a 
microbiological point of view, refreshment of water in the washing baths comes down to wasting 
huge volumes of water but the gained decrease in microbial contamination of the water (and the 
washed fresh-cut produce) is negligible. It is clear that refreshing as an intervention to control the 
microbiological load and to dilute or flush out possible pathogen contamination is not an option. 
Refreshment of water during the washing process can indeed slow down the increase and build-up of 
microbial contamination in the washing water to some extent but will not be able to avoid reaching 
elevated levels of E. coli contamination and potential cross-contamination from the washing water to 
the fresh-cut lettuce of E. coli, but possibly also of foodborne pathogens. 
It was also demonstrated that the use of clean water (with set tolerable levels of E. coli) in the first 
washing baths to remove soil and dirt and the need to use potable water in the second washing bath, 
is not practical as the potable water quality in the second washing bath will quickly deteriorate. The 
experiments simulating the washing process in the lab described in chapter 6, showed the high 
transfer rate of E. coli between the first and second wash bath due to the co-transfer of 
contaminated water attached to the washed lettuce from the first to the second washing bath. The 
investment for potable water in the second wash bath is useless knowing that the microbiological 
quality of the potable water will deteriorate in no time after starting the washing process. 
C
py
rig
ht
Discussion and Perspectives 
 
167 
 
Furthermore, the E. coli contaminated water in the first washing baths is a pathway to distribute and 
cross-contaminate all the incoming lettuce leaves with E. coli.  
The phenomena of potential distribution and cross-contamination of E. coli (and also at the end 
possible for foodborne pathogens) from the raw material (lettuce crops) throughout the washing 
process in the fresh-cut industry is supported by the data obtained in chapter 2 and 5. It was 
observed that 3/18 (17 %) samples of fresh-cut end product after washing exceeded the legislative 
norm to be achievable under “good practices” set at 2 log CFU E. coli/g (Anonymous, 2005). In 
contrast, in the primary production only one lettuce crop sample (0.4%) of the 264 samples exceeded 
the level of 2 log CFU E. coli/g. Furthermore, 67 % of the fresh-cut end product samples in the 
sampled processing companies and only 5 % of the lettuce crop samples taken at the farms exceeded 
the detection limit of 0.7 log CFU E. coli/g. This is also an indication that putting the lettuce crops 
through the subsequent water baths during fresh-cut processing accomplished a shift from an ad hoc 
accidental higher E. coli contamination into a more homogenous dispersion and more wide-spread 
general E. coli contamination over all fresh-cut end-products due to washing. A reduction of the 
microbial contamination was not accomplished. 
7.5 Recommendations for the processing of fresh-cut bagged leafy greens 
There is a need for clear and unambiguous guidelines for the use of water in the fresh-cut processing 
industry concerning the initial water quality in the washing baths and the need for continuous 
(partly) or batch-wise complete refreshment of water in the washing baths. Furthermore, the clean 
water in the first washing bath will irreversible contaminate the lettuce leaves and the subsequent 
washing bath, assumed to contain potable water, will be highly contaminated with E. coli in no time. 
As such based on the present PhD work, it is recommended that these guidelines on water 
management in the fresh-cut processing industry are revised: both tolerable E. coli levels in the 
washing baths and strategy with regard to refreshment of water. In addition, it is recommended that 
a monitoring plan is in place including regular testing and sampling of the processing water and the 
resulting end product. It is important that companies are validating their own system and 
demonstrate that they have a controlled washing process.  
In addition, fresh-cut processing industry need to look into the potential benefits (and drawbacks) of 
water sanitation. Until now antimicrobial agents, such as chlorine, can by definition not be used or is 
in need of thorough case by case argumentation. Furthermore, antimicrobial agents are often not 
supported by national competent authorities in several European countries such as Germany, the 
Netherlands, Denmark and Belgium (Artes & Allende, 2005; Artes et al., 2009; Rico et al., 2007).  
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Fresh-cut produce processing is relying on refreshment of water as an intervention to control 
microbial load (Casani et al., 2005; UNESCO, 2003; WBCSD, 2005). Large amounts of potable water, 
up to 40 m³/ton of raw produce, are used to minimize the event of accumulation of micro-organisms 
in the water and transfer of micro-organisms from the water to the fresh-cut lettuce (Olmez & 
Kretzschmar, 2009; Selma et al., 2008; VMM, 2005). Knowing the current Belgian situation, and many 
Nordic European countries, when the use of sanitizers is debated, the only possibility and best 
approach for preventing cross-contamination is to use huge amounts of potable water and refresh all 
the washing baths at once, for example after one batch of an hour. Still, if a point of contamination 
(contaminated lettuce crops) enters the wash baths directly after a refreshment event the risk for 
contamination of the produce is still significant. In this situation, the fresh-cut processing industry 
also has to rely mostly on the microbial quality of the raw material delivered by the auction or farms, 
although as mentioned above, no guarantees for this are available as well. Not at farm level but also 
not at the fresh-cut processing plant in the visited companies as apparently no actual intensive 
monitoring on incoming raw (lettuce crop) material is taking place. 
To tackle the huge waste of water and the risks of cross-contamination, it can be interesting to 
reconsider the possible use of decontamination agents (at low concentrations) to control the water 
quality. The main effect of sanitizing treatments for washing fresh-cut produce is indeed to reduce 
and control the microbial load of the water used in fresh-cut processing. This makes it possible to 
prevent the transfer of micro-organisms (including E. coli and enteric pathogens) from contaminating 
the fresh-cut end product rather than having a decontamination or preservative effect on the 
produce itself (Baert et al., 2009b; Gil et al., 2009). However, sanitation of water and thus preventing 
cross-contamination or decontamination of the fresh-cut produce and thus lowering the microbial 
load on the leaves is all matter of concentration and contact times of the antimicrobial agents used 
(and organic load of the processing water). Due to their limited direct microbial benefit on the 
produce, sanitizing agents should focus on prevention of cross-contamination rather than reduction 
of the microbial load of the produce (Gil et al., 2009; Keskinen et al., 2009; López-Gálvez et al., 2010). 
It might be priority to avoid cross-contamination and distribution of micro-organisms (including E. 
coli and enteric pathogens) during the washing process knowing that the adherence of pathogens is 
higher on injured surfaces (cut) than not injured surfaces (Han et al., 2000a; Takeuchi et al., 2000) 
and even more difficult to remove (Han et al., 2000b). The detection of E. coli cells in the water 
samples without the addition of a sanitizing agent highlights the importance of a sanitizer to avoid 
cross-contamination and the subsequent adherence to the food. It is necessary for the competent 
authorities to reconsider the no-use of disinfectant, as even the huge amounts of water used for the 
moment guaranteed no safe end product. 
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Chlorine is the most common sanitation agent in use, however, rinsing or a final wash in potable 
water is recommended to remove the residual chlorine and/or their by-products from the fresh-cut 
end product (Anonymous, 2008; Baur et al., 2005; FDA, 2008; Anonymous, 2009; Tomás-Callejas et 
al., 2012). Additionally, a rinsing step offers the potential to recycle the rinse water with a low 
microbiological load – as clean water – to the first washing bath for removal of dirt and soil (Gil et al., 
2009). For example, Van Haute et al. (2013a) showed that one ppm free chlorine was sufficient to 
control the water contamination when highly inoculated lettuce was washed. Unsanitized water 
showed contamination up to 5.4 log CFU/100 ml, while sanitized water only showed levels up to 2.5 
log CFU/100 ml. Total trihalomethanes accumulated to larger amounts in the water during the wash 
water disinfection experiments and reached 124.5 ± 13.4 μg/liter after 1 h of execution of the 
washing process in water (Van Haute et al., 2013a). One ppm chlorine is well below the maximum 
concentration of chlorine which is allowed to use in fresh-cut processing water in some EU Member 
States e.g. 10 ppm free chlorine in UK & 80 ppm free chlorine in France (CFA, 2010; Anonymous, 
2009).  
Furthermore, the PhD study showed that the current limit stated by the legislation 2073/2005 on the 
levels of E. coli on ready-to-eat fresh-cut vegetables is quite tolerable knowing that in 95% of the 
lettuce samples obtained at farm level, E. coli levels below detection limit (< 0.7 log CFU/g) were 
observed. Good practices at primary production can enable the delivery of good quality lettuce crops 
to the fresh-cut processing industry with overall low E. coli contamination. Indeed during fresh-cut 
processing the overall contamination with E. coli in the present study rather increased, in particular 
due to the above discussed issues of water quality in the washing baths and cross-contamination. But 
currently the values given by the EU legislation 2073/2005 on the levels of E. coli on ready-to-eat 
fresh-cut vegetables (n = 5, c = 2, m = 2 log CFU/g, M= 3 log CFU/g), is not providing an actual 
incentive to improve the current situation and increase the good manufacturing practices. It was 
shown that the E. coli norm is only exceeded in cases when E. coli levels up to 5 log CFU E. coli/100 
ml were observed in the washing baths while E. coli levels of 3 - 4 log CFU/100 ml cause somewhat 
higher E. coli levels on the produce but still within compliance of the EU legislative norms (Chapter 5, 
6). Despite the fact that samples washed in 3 - 4 log CFU E. coli/100 ml satisfy the EU criteria, the 
perception is that those concentrations in the washing water could be lower under good 
manufacturing practices. Furthermore, high levels of E. coli increase the probability of the presence 
of a pathogen. As such, only few samples are rejected by the legislation while most samples were 
washed in highly contaminated water (chapter 5, 6). Apart from generic E. coli, the fresh produce 
also may have presence of pathogens. The fresh-cut processing may not only have enabled 
dispersion and cross-contamination of generic E. coli but also of occasionally present human 
foodborne pathogens such as Salmonella spp., EHEC or Campylobacter spp. The initial purpose of a 
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wash process is to reduce the contamination level. A well-controlled wash process must aim at the 
same level or a lower level of microbial contamination compared to the harvested produce. 
 
7.6 Future perspectives 
7.6.1 Harmonization in microbial sampling and testing of fresh produce and 
water in the fresh produce supply chain  
During a preliminary study, ISO 9308-1 (i.e. membrane filtration of 100 ml water and subsequent 
placement of filter on the tergitol 7 media) was tested to check the method for the different water 
qualities of water used in the experiments. Municipal water, surface water, and fresh-cut lettuce 
processing water were tested. The standardized ISO 9308-1 method with the tergitol 7 agar was not 
suitable for these types of heavily contaminated water. The agar was not selective enough to detect 
single colonies of coliforms or E. coli. Other flora (like Pseudomonas spp., Shigella spp., etc.) were 
also very abundant in the water and dominated the tergitol 7 plates. Further dilutions did not 
improve the performance of the method as the target yellow coliform colonies disappeared 
jeopardizing a sufficient low limit of detection. Rapid’E.coli 2, a commercial available chromogenic 
medium, provided much better results and enabled the coliforms and E. coli to be easily 
distinguished and simultaneously enumerated on the plates (respectively green and violet colonies). 
This emphasizes the limitations of some of the current ISO methods in place and the need for ISO 
methods to be validated, not only for potable water or clean water (most commonly used in food 
industry) but also for a whole range of water from alternative water sources applicable the fresh 
produce supply chain. 
Standardization in microbiological analysis is recommended not only for the selection of the culture 
media to be used but also with regard to sampling both in the field and in the lab and for sample 
preparation. There is a lack of international agreements on sampling of fresh produce and analysis of 
water results in the use of a variety of different methods. This makes it difficult to compare the rsults 
between different published studies and reports. 
For example, when comparing the results of Campylobacter spp. in the irrigation water to literature, 
several studies determined the prevalence of Campylobacter spp. in water. However, Economou et 
al. (2012) filtered 1 l, Wilkes et al. (2009) filtered only 500 ml and Arvanitidou et al. (1995), 
Brennhovd et al. (1992) and Horman et al., (2004) filtered 100 ml. This implicates that it is quite 
difficult to compare the results. Still, the research studies provide some interesting information but it 
would be more adequate if in various studies a general protocol was adopted e.g. filtration of 1 liter 
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currently recommended in Belgian legislation for detecting pathogens in water to judge potable 
water quality.  
For fresh produce for example, for the detection of pathogens, 50 g, 25 g or 10 g was used by 
different authors (Abadias et al., 2008; Althaus et al., 2012; Arthur et al., 2007; Chai et al., 2009; 
Johannessen et al., 2002; Johnston et al., 2006; Manani et al., 2006; Mukherjee et al., 2004; Quiroz-
Santiago et al., 2009; Verhoeff-Bakkenes et al., 2011). Even in the EFSA report, different sample sizes 
of produce were used for detection of pathogens, ranging from 10 g up to 150 g. Results obtained 
from different countries are difficult to compare (EFSA, 2013c). 
The same problem was encountered for the antimicrobial resistance sampling. Despite the few 
publications on antibiotic resistance in vegetables, different investigation methods were used 
between different studies. For example, Boehme et al. (2004) pre-selected antibiotic resistant 
bacteria of vegetable samples by using antibiotic containing agar plates. The same applies to 
Bezanson et al. (2008), who cultured the bacteria in antibiotic containing broth. Another problem is 
the heterogeneity of the bacteria and antimicrobials tested. Osterblad et al. (1999) tested 
Enterobacteriaceae, Abriouel et al. (2008), Johnston & Jaykus (2004) and McGowan et al. (2006) 
tested enterococci, Bezanson et al. (2008) Pseudomonas spp. and Boehme et al. (2004) different 
coliform bacteria. Furthermore, resistance studies are difficult to compare through the large panel of 
antibiotics which are used in the different studies. As between the studies of Abriouel et al. (2008), 
Bezanson et al. (2008), Boehme et al. (2004), Johnston & Jaykus (2004), McGowan et al. (2006) and, 
Osterblad et al. (1999) 45 different antimicrobials were tested. 
7.6.2 Risk assessment and risk communication to support setting guidelines 
and implementation of “good practices”  
The most important challenge for the future is to close the gap between the issue of pesticides and 
the issue of microbial food safety hazards concerning the availability of guidelines, legislation, 
knowledge, awareness and monitoring. It is recommended that the farmers get acquainted and put 
in place documentation and verification of good practices to govern microbial risks to the same 
extent as pesticides. This is a task to be taken up with the support and collaboration of both research 
institutes and the farmer associations, fresh-cut lettuce processing companies, retailers, and 
competent authorities involved. This might end up in the farmers gaining insight into the microbial 
status of their primary production process and its critical control points which facilitates the farms to 
establish appropriate control measures to deliver a safe end product. For verification purposes, there 
is a need for independent microbiological monitoring of the leafy greens marketed and 
appropriateness of the quality of water in use in the fresh produce supply chain. 
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In the future, useful recommendations might be taken up in the national guidelines (such as the IKKB 
standard) with more focus in primary production on the risk of enteric pathogens. The guidelines 
need to stress the need of hand washing, personnel hygiene, the use of appropriate fertilizer, and a 
better guidance and communication especially concerning the source, quality, testing frequency, 
treatment, use of irrigation water, method of irrigation, the construction and maintenance of 
irrigation water reservoirs as well as highlight the potential impact of contextual factors such as 
climatic conditions, animal activity on neighboring fields, etc.  
The same holds for the fresh-cut lettuce processing industry. In particular, there is a need for 
increased awareness of washing water as a potential source of cross-contamination and the lack of 
refreshment of water to avoid distribution of any potential contamination. There is a need to revise 
recommendations on water management in the Belgian self-checking guide G-14.  
Risk assessment could be the appropriate tool to provide the link between hazard control and 
consumer risk for fresh produce commodities and microbial hazards. The PhD provided possible 
information for the risk assessments such as the input on the prevalence of the microbial hazards in 
the various stages in the fresh produce production and processing chain. The risk assessment studies 
must fuel the discussions related to intervention strategies, development of risk based sampling 
plans, and elaboration of food safety standards to control microbial hazards in the fresh produce 
chain. To the knowledge of the authors, only few publications on bacterial QMRA are available, 
linking primary production and the risk for the consumers (Mota et al., 2009; Ottoson et al., 2011). 
Ottoson et al. (2011) simulated several scenarios to evaluate the relative risk of water quality 
guidelines, different holding times and the influence of rinsing lettuce. The assessments were made 
based on VTEC prevalence in Halland County in Sweden. Mota et al. (2009) on the other hand, 
conducted a QMRA to address the human health impact associated with the consumption of 
different kind of produce irrigated with water contaminated with protozoa. Both publications 
provided interesting data that may be useful in the creation of food safety guidelines for the fresh 
produce as the authors related contamination of the irrigation water to risk for infection with the 
pathogen.  
7.6.3 Impact of climate/ climate change on safety of fresh produce 
Another emerging problem for the safety of the fresh produce is the impact of contextual factors 
such as the climate change. Climate change is a current global concern and, despite continuing 
controversy about its cause and the magnitude of its effects, it seems likely that climate change will 
affect the incidence and prevalence of foodborne diseases (Bezirtzoglou et al., 2011; Lal et al., 2012; 
Miraglia et al., 2009; Tirado et al., 2010). Climatic factors influence the growth and survival of 
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pathogens, as well as transmission pathways (Semenza & Menne, 2009). Climate restricts the range 
of infectious diseases, whereas weather affects the timing and intensity of outbreaks (Epstein, 2001). 
Global climate change is expected to affect UV and moisture content, the frequency, intensity and 
duration of extreme water-related weather events such as excessive precipitation, floods, and 
drought (Allan & Soden, 2008; Bezirtzoglou et al., 2011; Cann et al., 2012; Meehl et al., 2007; 
Semenza & Menne, 2009). The frequency of heavy precipitation has increased over many regions 
since 1950, even where there has been a reduction in the total precipitation (Cann et al., 2012; 
Meehl et al., 2007).  
Almost everywhere, daily minimum temperatures are projected to increase faster than daily 
maximum temperatures (Meehl et al., 2007). An increase in temperature has already observed since 
the observations in 1654 (Camuffo & Bertolin, 2012). It will be important to develop scenarios 
related to changes due to the climate change as currently most farmers are aware of an increase in 
extreme weather events in the last years. For example the study of Liu et al. (2013) that executed a 
literature review which summarizes the major impacts of climate change (temperature increases and 
precipitation pattern changes) on contamination sources and pathway of foodborne pathogens. 
Extreme weather events are associated with for example an increase in floods which implicate that 
farmers need to anticipate by elaboration of additional GMP such as elevation of the open reservoir, 
selection of appropriate land, etc. 
7.6.4 Survival, growth and resistance of enteric bacteria on leafy greens and 
the production environment  
Control measures also need to take into account the evolving information available on the ecology of 
microbial hazards and fresh produce. Produce type and physiological state of the plant and pathogen 
influence the colonization of the pathogen on the produce. Microbial interactions facilitate biofilm 
development and enhance environmental protection (Morris & Monier, 2003). The zone of 
contamination also impacts the ability to persist on vegetables, regions with high wettability 
promotes water availability, and nutrient leaching that in turn support micro-organism growth (Jeter 
& Matthysse, 2005).  
Furthermore, there is emerging evidence that bacterial pathogens can enter plant tissues and can be 
found at internal locations (Milillo et al., 2008). Micro-organisms capable of internalization seem to 
do this by penetrating the plant surface through natural openings such as stomata, epidermal root 
junctions, secondary roots or alternatively through wounds (Jablasone et al., 2005). The potential of 
human pathogens to become internalized within growing vegetables is of concern. If pathogens 
reside in internal locations, the organisms become more difficult to remove by physical washing, or 
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inactivate using surface sanitizers (Aruscavage et al., 2006; Solomon et al., 2002; Wachtel & 
Charkowski, 2002). However, it is important to note that not all crops support bacterial 
internalization as demonstrated by Golberg et al. (2011). The authors found that the likelihood of 
Salmonella spp. internalization varied considerably among different plants.  
Further research on the antimicrobial resistance topic would be very valuable, as it might possibly 
help to find out which processing steps and/or environmental factors have a major effect on the 
prevalence of resistant bacteria. It can be interesting to confirm the source of the resistant bacteria 
found in the vegetable processing environment by for example microbial source tracking (Seurinck et 
al., 2005) as the results suggest cattle as the most likely source of contamination. However, other 
animals such as birds, dogs, poultry, pigs, etc. can also be a source for contamination of the produce. 
As such, genotyping of E. coli isolates can be interesting to find the different sources of 
contamination. As an extension, it might be interesting to track the contamination by host-specific 
markers from the source at the animal farm up to the marketed fresh produce in the retail. As such, 
essential insights and data can be gathered concerning the contamination pathways, the interaction 
between the different chains, and the contamination flow in the chain and between the different 
chains.  
In general, in the future there is a need for multidisciplinary research to bring together scientists 
from both plant pathology / plant physiology, and food safety / agricultural community to elaborate 
research studies to enhance the knowledge on plant host or environment related factors that have 
an impact on survival and persistence of (antibiotic resistant) microbial hazards in association with 
specific commodities in the fresh produce chain from farm to fork (Fletcher et al., 2013). Increasing 
scientific evidence suggests that the interactions between pathogens and plants may be highly 
complex and specific and may be an important area of consideration for pathogen control (Fletcher 
et al., 2013). 
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Annex 1: Water management questionnaire 
Part 1: Water Sources 
1. What is/are the sources of irrigation water for this farm? You can give multiple answers 
o Borehole water - closed wells 
o Surface Water 
o Canal 
o Creek 
o River 
o Collected open well 
o River transfer 
o Rain 
o Waste water 
o Municipal waste water 
o Industrial waste water 
o Others 
o Drainage water 
o … 
2. Are water samples analyzed for each water source for monitoring the microbial water quality? 
o Yes 
o Annual 
o Semestrial 
o Monthly 
o Weekly 
o No 
 
3. What is/are the sources of rinsing water for this farm?  
o Potable water 
o Borehole water 
o Irrigation water 
o treated 
o untreated 
o River 
o Other: … 
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Part 2: Preventive measurements 
4. Is there a possibility for presence of birds or bird faeces around the water source? 
o Yes 
o No 
5. Is there a possibility for presence of other animals and debris around the water source? 
o Yes 
o No 
6. Is surrounding vegetation present around the water source? 
o Yes 
o No 
7. Is there a possibility for run-off water in the water source? 
o Yes 
o No 
o Through lining of canals and well heads 
o Redirection of contaminated water with diversion dikes, gradients, inlet/outlet 
control structures 
o Other actions: …… 
Part 3: Irrigation method/water treatment system 
8. Which water treatment do you apply between the water source and the irrigation system? 
o None 
o Water filtration 
o Chemical sanitizers 
o Chlorine 
o H2O2  
o Others: … 
o Coagulation + flocculation 
o UV 
o Others: … 
9. Which irrigation method do you apply? 
o Furrow/flood irrigation 
o Sprinkler/spray irrigation 
o Drip irrigation 
o Manual irrigation 
10. Are there backflow preventing devices 
o Yes 
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o No 
11. The water delivery systems are: 
o Disinfected 
o Maintained 
o Cleaned 
o Not maintained 
12. When is the last irrigation 
o Same day as harvest 
o 1 day before harvest 
o 2 – 4 days before harvest 
o 5 – 7 days before harvest 
o More than 7 days before harvest 
o Depending on the weather 
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